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Abstract 
Coal as a soft rock experiences a time-dependent deformation induced by continuous change in 
effective stress in reservoir during Coal Seam Gas (CSG) production and during well shut-in at static 
reservoir pressure. This deformation results in compaction of coal microstructure and loss of porosity 
and permeability over the course of gas production. Limited studies have considered the impact of 
time-dependent deformation (i.e. consolidation and creep) on coal permeability that may play a key 
role in determining the efficiency of CSG production. Negligence of the impact of consolidation and 
creep on coal permeability may result in overestimation of level of drained gas.  
This research aims to characterize time-dependent deformation in the coal injected with gas and 
investigate its impact on permeability and gas drainage efficiency. This has been achieved via 
implementation of two triaxial tests and development of governing equations (i.e. permeability 
models and mass balance equation) required for simulation of gas transport in coal. In the first test, 
the effect of the consolidation exerted by an axial load in addition to a hydrostatic load, under 
deviatoric stress, on permeability of the coal sample injected with helium is studied. In the second 
test, the effect of the consolidation and creep triggered by desorption of methane from the coal sample, 
under increasing effective stress, on permeability is studied. For this purpose, a triaxial rig equipped 
with strain and displacement transducers is employed. The sample used in the tests was a bituminous 
coal excavated from Bowen Basin, Australia.  
In the case of helium, the reduction in permeability is mainly attributed to permanent partial closure 
of cleats and pathways, which is reflected in higher elasto-plastic deformation than visco-elastic 
deformation and considering non-adsorptive helium. The results reveal that a significant amount of 
irrecoverable coal deformation exists after removal of the axial load and under hydrostatic stress only, 
which is believed to be attributed to the damage to coal microstructure along with closure of cleats. 
The results also show that the coal injected with methane experiences an instantaneous elastic 
deformation, at the onset of pore pressure depletion, followed by consolidation and matrix shrinkage. 
Then, a decelerating or steady-state creep initiates when gas desorption ceases. A significant 
permeability loss of 26% was achieved due to an increase of 1.91 MPa in effective stress caused by 
gas desorption. The results show that consolidation and creep can have a significant impact on 
permeability evolution under loading and during gas desorption for the experimental coal sample 
injected with gases of interest.  
The permeability models that account for the effects of elasticity, consolidation and creep under 
increasing and constant effective stress are also developed in this study. For this purpose, non-linear 
stress-strain equations have been extended by introducing visco-elastic and visco-plastic terms of 
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classical Nishihara model to an existing linear stress-strain equation for anisotropic coal. Then, a 
Finite Element (FE) formulation of the developed models and gas transport equations is implemented 
in order to carry out scenario-based simulations by COMSOL Multiphysics. The numerical results 
show that consolidation can have a significant impact (up to 25% or more) on coal permeability and 
gas drainage. The developed permeability models are validated against the experimental permeability 
data. A good agreement is found between the model-predicted permeability data and the experimental 
permeability data, particularly for higher pore pressure ranges. 
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1.1 Background 
Gas drainage prior to coal mining is critical due to intrinsically hazards associated with Coal Seam 
Gas (CSG). Coal and gas outburst is a major hazard that miners face while mining coal underground. 
Drainage of gas before coal excavations contributes to diminish of fatalities and injuries to the miners 
caused by explosions and outbursts resulted from gas accumulation in the mine workings. In deeper 
coal seams, the likelihood of coal and gas outburst is greater due to higher gas content and pressure, 
and more complex geological conditions. Therefore, it is essential to drain CSG efficiently down to 
the statutory levels. Decrease in the gas concentration down to the statutory levels, not only results in 
safer environment for the miners, but also it contributes to reduction of greenhouse gas emissions and 
their adverse effects on the environment.  
Coal seams are made of solid constituents that store a high portion of gas through sorption (Mastalerz, 
Gluskoter and Rupp, 2004; Chen et al., 2012). Coal matrix is the site for adsorbed gas and cleats are 
saturated with water (Figure 1.1).  
 
Figure 1.1. Three-phase structure of coal saturated with water and gas (Modified after Lu et al., 
2016) 
 
The amount of stored gas may vary by changing the sorption pressure. The bubble point or equivalent 
sorption pressure of the gas system is the degree at which the water pressure surpasses the sorbing 
pressure of gas into coal solids (Gray, 1987). The gas storage in coal seams is influenced by factors 
including the ability of coal to store gas and the extent to which it allows the gas to travel through its 
macroscopic and microscopic pore network. The storage and migration of gas in coal can be 
determined by measurements of adsorption and diffusivity from coal matrix (Saghafi, Faiz and 
Roberts, 2007). The adsorbed gas is stored in the internal surfaces of the micropores in coal seams 
and its movement is controlled by the hydrostatic pressure caused by a large amount of water in the 
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cleats and pores (Meszaros, Boonen and Hale, 2007). The capability of coal to store gas is influenced 
by factors such as coal type, rank, pore structure, gas type, moisture, and stress (Hartman and Pratt, 
2005). Gas is often stored in coal in various ways such as adsorption through micropores in internal 
surfaces, free phase gas in voids, cleats, and fractures, absorption into the molecular constitution of 
the coal, and dissolved in groundwater in the coal seam (Mastalerz, Gluskoter and Rupp, 2004). 
Pre-drainage is one of the methods adopted for drainage of CSG prior to mining. Deployment of 
pre-drainage can decrease gas emissions into development headings, avoid explosions, and decrease 
emissions of gas from worked seams (Kerr, 2009). Horizontal boreholes have been increasingly 
utilised by the mining industry for the purpose of methane pre-drainage (Karacan, Diamond and 
Schatzel, 2007). However, feasibility of pre-drainage is dependent on permeability of coal seams. 
Pre-drainage is only possible where coal seams are adequately permeable to allow considerable gas 
flow in undisturbed conditions like before mining (Creedy et al., 2001). This method is practiced for 
moderate to high permeability coal seams prior to mining. The reduction of gas content in coal seams 
can be achieved by means of drilling in-seam boreholes either from the surface (Surface to Inseam 
boreholes) or from the current underground workings (Underground to Inseam boreholes) (Meaney 
et al., 1995).  
Surface to Inseam (SIS) boreholes are slanted and horizontal boreholes that intersect one or more 
coal seams. They are drilled from the surface in advance of coal extraction. Surface to Inseam (SIS) 
boreholes intersect a vertical production well at the deepest point of the horizontal boreholes (Figure 
1.2). Thanks to development of radius drilling, boreholes can be extended in seams for greater contact 
with the coal seam. This enables more drainage of gas compared to vertical drainage boreholes 
(Black, 2011).  
 
Figure 1.2. Schematic view of an SIS drainage borehole (Packham, Cinar and Moreby, 2011) 
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Underground to Inseam (UIS) boreholes are drilled from underground mine workings to drain 
neighbouring gassy coal and rocks prior to mining. UIS is the preferred method for drainage of gas 
from deep mines in Bulli seams with high gas content and low permeability due to the constraints on 
surface access (Figure 1.3).  
 
Figure 1.3. Drilling UIS in mine workings (JWR, 2008) 
 
Post-drainage methods are used to capture the methane released from goaf areas as well as adjacent 
seams because of the shift in strata and increased permeability caused by mining. Strata permeability 
increases due to stress relaxation of roof and floor of the coal seams and neighbouring rocks followed 
by mining activities and stress redistribution. Generally, because horizontal boreholes are not able to 
drain gas from the target coal seams and the strata adjacent to coal seams effectively, cross-measure 
boreholes are deployed. These boreholes slope into adjacent seams and strata from the mine workings 
to drain methane from the relaxed strata and goaf areas. 
Determination of coal permeability is crucial to assess the performance of drainage boreholes and 
efficiency of gas drainage process. Gas and water in coal absorb the stress induced by the overburden. 
As water and gas are drained from coal seam, the effects of overburden pressure on coal mass increase 
due to an increase in effective stress acting on cleat-matrix assemblage, which leads to permeability 
change. The performance of gas drainage boreholes alters due to the change in coal permeability 
induced by mechanical opening/closure of cleats and sorption. As desorption of gas occurs, coal 
experiences a compaction deformation brought about by overlying strata. Coal deformation can be 
time-dependent as well as instantaneous during CSG drainage. Coal may undergo elastic and/or 
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visco-elasto-plastic deformation depending on the gas composition and pore pressure. The magnitude 
of the deformations depends on the coal properties such as Young’s modulus, moisture, differential 
stress, effective pressure, and temperature (Brantut et al., 2013). The lower rank coal (i.e. brown and 
sub-bituminous coals) may experience greater magnitude of time-dependent deformation compared 
to the higher rank coal (i.e. bituminous and anthracite coals) and other rocks. This is because lower 
rank coal has weaker macromolecular organic network bonds (Espinoza et al., 2016). 
Coal comprises micropores and cleats which form dual-porosity characteristic of it and coal 
permeability is mainly affected by the change in cleat aperture rather than micropores. The alteration 
in coal permeability results from variation of effective stress and shrinkage/swelling of coal matrix 
due to desorption/ sorption of the gases in the reservoir. Matrix shrinkage and cleat compression 
mechanisms act in opposite directions on permeability in the course of CSG drainage. Whereas cleat 
compression results in a reduction in permeability, matrix shrinkage leads to dilation of coal cleat and 
a rise in permeability. The increase or decrease in permeability depends on the prevailing 
phenomenon. The impacts of the two mechanisms on coal permeability have been extensively studied 
(Shi and Durucan, 2004a; Gray, 1987; Harpalani and Chen, 1995; Shi and Durucan, 2005; Chen et 
al., 2011; Connell, Lu and Pan, 2010; Liu et al., 2010; Zhang, Liu and Elsworth, 2008; Wu et al., 
2010a; Wang, Massarotto and Rudolph, 2009; Chen et al., 2013). 
In the literature, a series of studies have been conducted to characterise creep in the coal injected with 
specific gas species such as CH4, CO2 and N2. However, the effect of time-dependent deformation 
(i.e. consolidation and creep) and inelastic deformation (also known as plastic or residual 
deformation) on permeability of the coal injected with different gasses under varying stress conditions 
do not appear to be meticulously studied yet. In this study, the time-dependent deformation of a 
bituminous coal sample is characterised under deviatoric stress using a triaixal rig that accommodates 
the sample injected with helium and methane as adsorbing and non-adsorbing gases in two tests. The 
effects of consolidation and creep on permeability and gas drainage efficiency are also investigated. 
1.2 Statement of the problem 
The issue that mining industry encounters these days is drainage of gas from gassy virgin coal seams 
with low permeability of less than 10 mD (Dabbous et al., 1974). As the coal seams get deeper, gas 
content increases and consequently likelihood of hazards associated with trapped gas such as outburst 
of coal and gas increases. In-situ permeability of unconventional resources such as coal depends on 
many factors such as the magnitude of overburden stress and petrophysical properties, namely, 
porosity, permeability, pore size, lithology, and fluid saturation (Lucia, 2007). The deeper coal seams 
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are exposed to higher compaction exerted by overlying rocks formed over the geologic time scale, 
and hence they have lower permeability. This makes it difficult to efficiently drain gasses, methane 
in particular, from coal seams and reduce gas concentration below Threshold Limit Value (TLV). 
Before drilling drainage boreholes, the rock strength is in equilibrium with the in-situ rock stresses 
and pore pressure. As soon as a drainage borehole is drilled, however, a damaged zone induced by 
drilling (formation damage) appears around the borehole skin; the in-situ stress redistributes and 
effective stress increases with the onset of pore pressure depletion. Consequently, the drilling-induced 
failure around the borehole develops and deformation state varies with an increase in effective stress 
in reservoir. Unlike the common assumption of time independency of deformation around drainage 
boreholes, the deformation occurs in a time-dependent manner under deviatoric in-situ stress. 
Therefore, the need for prediction of permeability evolution considering time-dependent deformation 
is of the essence. Similar to cleat compression, the time-dependent deformation acts in the opposite 
direction of matrix shrinkage and causes a reduction in permeability during gas drainage. 
The coal permeability models available in the literature are mainly stress or porosity based and most 
are developed based on the assumptions of poroelasticity, uniaxial strain and constant overburden 
stress. Nevertheless, none of the current models considers the effect of time-dependent deformation 
on coal permeability. Consolidation and creep are critical parameters affecting coal permeability and 
performance of gas drainage boreholes that should be taken into account. 
1.3 Aims and objectives 
The aims of this study are to characterise time-dependent deformation of the coal injected with gas 
and investigate its impact on permeability and gas drainage efficiency. The findings on this effect 
enable better understanding of gas transport in coal and gas drainage efficiency. To this end, this 
research project aims to achieve the following objectives: 
 Establish relationships between stress, elastic and time-dependent strains, and pore pressure 
to develop a new permeability model; 
 Experimentally characterise time-dependent deformation and investigate the impact of 
consolidation and creep on coal permeability; 
 Quantify the impact of consolidation, creep, and residual deformation on coal permeability; 
and 
 Predict coal permeability change with effective stress around drainage boreholes. 
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1.4 Significance of study 
Determining the porosity and permeability of coal seams and identifying the parameters affecting 
coal permeability contribute to efficient controlling of methane and water drainage and estimating 
the efficiency of a gas drainage project. The study of impact of time-dependent deformation on coal 
permeability enables improvement of prediction of drained gas from coal seams. By knowing the 
amount of gas drained, the residual gas in place can be estimated. This contributes to take appropriate 
actions to efficiently drain gas and reduce the downtime associated with the presence of gas in coal. 
This results in improvement of safety and mining planning prior to mining. The successful completion 
of this project can bring the following benefits to Australian coal industry: 
 Making coal-mining operations safer and less prone to outburst by reducing gas contents 
below the statutory levels. This can be achieved through the development of a permeability 
model that enables more accurate prediction of permeability change considering time-
dependent deformation during gas drainage; 
 A new understanding of the role of time-dependent deformation on gas drainage 
performance as well as the complex coal-gas interactions; 
 Knowing the permeability evolution around drainage boreholes enables the optimum design 
of borehole completion and calculation of optimum distance between drainage boreholes. 
This allows the mining industry to achieve the maximum gas drainage efficiency, reducing 
the delay of mining operations, and making mining more economically viable; and 
 Contribute to reduced greenhouse gas emissions and saving carbon tax. 
1.5 Scope  
In this study, the effect of some of the factors affecting coal permeability and gas flow dynamics in 
coal reservoir during gas drainage is considered and the factors linked to gas flow dynamics in 
drainage boreholes are excluded. The factors affecting coal permeability are effective stress, pore 
pressure, porosity, matrix shrinkage, water content, and transport of coal fines and minerals. In 
addition, consolidation and creep phenomena are believed to have an impact on permeability, which 
are under investigation in this study. Water content and coal fines and minerals may have an impact 
on coal properties and hence permeability. However, either the effects are reduced (e.g. heating the 
sample to decrease the moisture in the coal) or not considered (e.g. drilling disturbance, and coal fines 
and minerals) in this study due to impracticality of reduction or eradication of them. A summary of 
inclusions (parameters in blue boxes) and exclusions of this research is illustrated in Figure 1.4. 
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Figure 1.4. Scope of the project 
 
1.6 Methodology  
The methodologies adopted to achieve the aims of this study are as follows: 
 A triaxial rig is used to characterise time-dependent deformation in coal and investigate its 
impact on permeability under stress-controlled and increasing effective stress condition. 
This has been conducted via design of experiments that replicate consolidation and creep 
behaviour in the coal injected with gas under deviatoric stress. Measurement of deformation 
is performed using radial strain and axial displacement transducers and permeability is 
measured via steady state method. Data is collected through a Data Acquisition system 
(DAQ) and then prepared for analysis.  
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 A new permeability model is developed that considers the impact of time-dependent 
deformation on coal permeability during gas extraction. A coupled numerical modelling that 
incorporates the new model is developed and then validated against the experimentally 
measured permeability values. A series of scenario-based simulations are carried out to study 
the effect of time-dependent deformation on coal permeability. The software package used 
for the implementation of numerical simulation is COMSOL Multiphysics. A summary of 
the methodology is presented in Figure 1.5. 
 
Figure 1.5. Methodology adopted for this project 
 
1.7 Thesis overview 
Chapter 1 consists of the study background, statement of the problem that coal-mining industry is 
facing, the aims and objectives of this study, the importance of this study to mining and CSG industry, 
project scope, and the methodology adopted for the project.   
Chapter 2 documents a literature review of the studies conducted on geological conditions, gas 
transport in coal, CSG drainage methods, an overview of the coal permeability models, time-
dependent deformation mechanisms of rocks, and some of the rheological models, in the literature, 
proposed for time-dependent deformation in rocks. 
Chapter 3 documents the development of the new permeability models that account for the effect of 
time-dependent deformation in coal. 
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Chapter 4 covers the experimental results of time-dependent deformation and permeability of coal 
under triaxial conditions. Time-dependent deformation of the coal injected with gas, before and after 
loading and unloading for the case of helium and before and after desorption for the case of methane, 
is characterised. Furthermore, permeability is measured when gas pressure equilibrium is reached 
(steady-state permeability measurement). The findings and observations of the study are documented 
and an analysis of the data is carried out in this chapter. 
Chapter 5 covers the numerical results of the permeability model that includes the effects of 
consolidation. The results are also compared with the results of the model developed by Pan and 
Connell (2011). 
Chapter 6 includes the scenario-based numerical results of the permeability evolution due to the 
failure and deformation state around drainage boreholes. 
Chapter 7 concludes the main findings and observations of this study. It also covers the 
recommendations for future work. 
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2.1 Coal structure  
Over several million years, layers of buried vegetation decay and convert to peat, which is the 
precursor of coal. The peat becomes exposed to heat and pressure under sediments. Due to the 
pressure and heat, a large amount of water, oxygen, nitrogen, carbon dioxide, and hydrocarbon gasses 
are forced out of organic matter and carbon intensifies and forms coal. Methane gas can be generated 
throughout coalification by biogenic that is decomposition of the organic material by bacteria 
(microbial decomposition) in less than 50°C and thermogenic (Occurs above 50°C) processes 
(Chaudhuri, 2016; Thomas, 2013). The study of coal structure has generally been conducted via 
diverse methods such as x-ray diffraction, solvent extraction, and oxidation reactions. However, they 
do not reflect in-depth insights into coal structure (Rogers, 1994). Coal as a heterogeneous material 
possesses various chemical and physical properties, which is comprised of organic and inorganic 
compounds. The organic compounds consist of carbon (65-95%), oxygen (2-30%), hydrogen (2-7%), 
nitrogen and sulphur (1-4%) (Takanohashi, 2009). The inorganic compounds are comprised of a 
variety of non-combustible primary and secondary minerals such as clay, carbonates, iron disulphates, 
oxides, hydroxides, sulphides and other minerals (Thomas, 2002). 
Coal as an unconventional gas reservoir exhibits different storage mechanism to those of conventional 
gas reservoirs. Coal is a dual-porosity medium composed of cleats and matrixes, which are the chief 
conduit for gas migration and storage site, respectively. The cleats are naturally occurring fractures 
in coal that consist of face cleats parallel to the bedding and butt cleats perpendicular to the face 
cleats. The gas flow in coal cleats is laminar and governed by Darcy's law (Taheri et al., 2016; Flores, 
2013; Chen et al., 2013; Clarkson and Bustin, 1999; Connell, Lu and Pan, 2010). Adsorption is the 
main storage mechanism for gas that primarily occurs in the micropores of the coal matrix. When the 
pressure in coal cleats is reduced down to critical desorption pressure, the gas starts to desorb from 
the internal coal surface (Lamarre, 2007; Black, 2011; Xu et al., 2017). Coal pores size is classified 
by Rouquerol et al. (1994) as macropores (> 50 nm), micropores (< 2 nm), and transient or meso-
pores (between 2 and 50 nm).  
2.2 In-situ stress and pore pressure state in virgin coal reservoir 
The in-situ stresses and pore pressure in virgin strata and coal seams have reached equilibrium over 
millions of years (Figure 2.1). The fluid(s) in virgin coal reservoirs absorb(s) overburden and the 
hydrostatic stresses exerted by adjacent strata, sediments, and geologic formation fluids. The study 
of the linked interaction between fluids and elastic deformation of porous media is poroelasticity. The 
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weight of the column of overlying strata on an element in coal is induced by the depth and the unit 
weight of the overlying rock mass. 
 
Figure 2.1. In-situ stresses in virgin coal seams 
 
There exists three principal stresses acting on the coal and rock masses namely, a vertical stress (
) originated from the weight of the overburden strata, and minimum ( ) and maximum ( ) 
horizontal stresses. It is suggested that strata stress has a linear relationship with depth and increases 
with moving from surface down underground (Brown and Hoek, 1978). In general, the following 
equation can be used to calculate the vertical stress induced by overlying rock mass also known as 
overburden: 
 v gh   (2.1) 
where,   is the density of overlying rocks, g  is the gravitational acceleration, and h  is the thickness 
of the overlying rocks. It should be noted that v  is the non-tectonic normal stress acting on a 
horizontal plane at shallow depths of Earth's crust. 
In order to derive the horizontal stresses, Hooke's law can be used assuming rocks behave elastically 
and uniaxial strain and equal horizontal stresses exist. The following equation can be obtained: 
 
1
h H v

  

 

 (2.2) 
where,   is the Poisson's ratio. 
v
h H
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The Anderson's fault classification (Anderson, 1951) for relative tectonic stress magnitudes is 
presented as follows: 
 In normal faulting regions, v H h    ; 
 In strike-slip faulting regions, H v h    ; and 
 In reverse faulting regions, H h v    . 
Gas content and pore pressure increase as the depth of coal seams increases. In addition, permeability 
of coal seams decreases with the increase in depth and in-situ stresses. The linear relationship between 
depth of coal seam and pore pressure is suggested by (Guo and Cheng, 2013) for Southern Quinshi 
Basin in China, as follows: 
 =0.0136× 2.1003p h  (2.3) 
where, h  is the depth of coal seam, and 0.0136 is the gas pressure gradient in MPa/m. 
The investigation carried out by Meng, Zhang and Wang (2011) shows that for Southern Qinshui 
Basin, the relationship between horizontal and vertical stresses can be presented as follows: 
 0.027v h    (2.4) 
 0.0304 3.1975H h     (2.5) 
 0.0235 3.5127h h     (2.6) 
where, V  is the vertical stress, H  is the maximum horizontal stress, and h  is the minimum 
horizontal stress. 
When horizontal stresses are higher than vertical stresses, the following equation is suggested by 
(Herget, 1973): 
 , (8.16 0.54) (0.042 0.002)h av Z      (2.7) 
 (1.88 1.23) (0.026 0.003)v Z      (2.8) 
where, ,h av , v , and  are average horizontal stress, vertical stress, and depth, respectively. 
If gravitational loading is the solely source of horizontal stress, the relationship between the vertical 
principal stress and the associated lateral stress under uniaxial strain condition is suggested by 
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(Lorenz, Teufel and Warpinski, 1991): 
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1 1
h v P
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 (2.9) 
where,   is the Biot's coefficient and P  is the pore pressure. Nemcik, Gale and Mills (2005) used 
Equation 2.9 for some mines located in New South Wales and Queensland, Australia, reflecting the 
correlation between depth and maximum horizontal stress, proposed by Cartwright (1997) as follows: 
 0 1 2
1
H B B h EB



  
      
 (2.10) 
where, 0B  is an experimental constant in MPa, 1B  is an experimental constant in MPa/m, h  is the 
depth in m , 2B  is a dimensionless experimental constant called the Tectonic Strain Factor (TSF), and 
E  is Young's modulus in MPa.  
Mark and Gadde (2010) employed the following equation to obtain the minimum horizontal stress by 
regressing the equation on the field data: 
 0 1 2h B hB EB     (2.11) 
This section included the relationship between in-situ stress and depth in pseudo-static condition in 
reservoir. However, once drainage boreholes are drilled into coal seam, the stresses redistribute and 
due to onset of pore pressure depletion effective stress increases. As a result, a complex interaction 
between fluid flow and coal mass deformation exists and the two phenomena mutually affect each 
other. 
2.3 Stress, pore pressure, and permeability change in coal during gas drainage 
Unlike conventional gas reservoirs, CSG shows complex response to drainage due to intricate flow 
and transport of gas in coal reservoir. This is due to sorption and desorption in coal during drawdown 
that leads to strain in coal matrix as a poroelastic medium that influences permeability. Another 
difference between conventional gas reservoir and coal seams is that storage mechanism is chiefly 
due to adsorption (Shi and Durucan, 2008).  When drainage of gas from coal seam occurs, pore fluid 
pressure significantly diminishes. This results in pronounced impact of overburden load and its 
contribution to reservoir compaction and reduction of pore space (Figure 2.2). 
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Figure 2.2. In-situ stresses and subsidence in sedimentary rocks during drawdown 
 
Excavation of drainage boreholes induces redistribution of stress in coal seam, strain perturbations, 
and instabilities around the borehole skin. This causes the permeability change around the drainage 
borehole and the zones affected by the drilling and gas drainage activities. In addition, once the gas 
production starts due to the pressure gradient, the effective stress in reservoir alters and so does the 
permeability over the course of gas drainage. A relatively high magnitude of permeability exists in 
the damaged zone of the borehole. The permeability declines due to plastic deformation and then 
increases in elastic zone and then it reaches in-situ state in the zones not affected by the borehole 
disturbance and effective stress change. The mentioned deformation zones around drainage boreholes 
are generally deemed under hydrostatic state in reservoir (Li et al., 2016; Li et al., 2015; Li, Li and 
Yifeng, 2015; Zhai et al., 2012; Lin, Zhou and Zhang, 1993). However, visco-elastic and visco-plastic 
deformations of rocks as time-dependent mechanisms occur due to change in deviatoric effective 
stress during gas production. The impact of time-dependent deformation on permeability evolution 
and gas drainage efficiency (Danesh et al., 2016; Danesh et al., 2017) and permeability around 
roadways (Xue et al., 2017) has recently come to researcher's attention.  
2.4 Gas transport 
Coal seams have a vastly heterogeneous micro- and macro-pore constitution with a wide range of 
pore sizes. For instance, permeability of the Bulli seam at West Cliff Colliery has been reported to 
vary between 0.005 mD and 5.8 mD (Zhang et al., 2012). In coal seams, migration of gas is affected 
by factors such as shrinkage of coal matrix due to desorption, gas slippage, and thermal transfer (Zhu 
et al., 2011). A reduction of hydrostatic pressure in coal is anticipated after drilling drainage 
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boreholes. As a result, methane desorbs from the micropores and internal coal surface, and then gas 
diffusion occurs through the matrix (Shi and Durucan, 2008) and the methane flows in the cleats and 
fracture networks along with water (US Environmental Protection Agency, 2004). Figure 2.3 shows 
the three stages of methane transport in coal. Based on the model shown in the figure, gas migration 
is governed by factors such as the distance methane has to diffuse and the amount of gas flowing 
through the cleats. The first factor is function of the cleat spacing that delimits the size of the coal 
matrix blocks and the latter factor is function of the width, length, continuity and permeability of the 
cleats (Gamson, Beamish and Johnson, 1996). 
 
Figure 2.3. Migration of methane in coal (Energy, 2003) 
In general, it is assumed that the gas and water moving through the cleats are laminar. The transport 
of gas within coal is initiated by Darcy flow in the cleats down a potential gradient consisting of 
pressure and gravitational terms (Gray, 1987; Sigra, 2010). The Darcy's law depicts a linear 
relationship between Darcy velocity and pressure gradient. Darcy's law can be defined as follows: 
 
k
q p

    (2.12) 
where, q  denotes the flux per unit area, k  is the permeability,   is the dynamic viscosity, and p  
denotes the pressure gradient vector. Any deviations from the linear relationship are known as Non-
Darcy flow (Figure 2.4).  
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Figure 2.4. Darcy and non-Darcy zones (Bloshanskaya et al., 2015) 
 
The transition between the zones (Pre-Darcy, Darcy, and Post-Darcy), shown in the figure, is linked 
to the change in Reynold number (Re) that quantifies the ratio of inertial to viscous forces (Muskat, 
1982; Bear, 1988). Non-Darcy flow effect has been suggested to exist in cleats and near wellbore 
zones where significant high-pressure drops occur (Wang et al., 2012). 
Adsorption: Gas is chiefly stored in coal in adsorbed phase (Osisanya and Schaffitzel, 1996; Black, 
2011). Most of the methane exists in micropores of the coal bed methane reservoirs in adsorbed phase 
with a liquid-like density (Dutta, 2009). In the coal seams, water maintains adsorption of the natural 
gas to the coal surface. Adsorption of methane increases as pressures in the coal seams rise with depth 
or hydrostatic head of water (Rogers, 1994). The curve that describes the correspondence between 
the quantity of adsorbed methane and pressure relevant to that quantity is the equilibrium sorption 
isotherm. Figure 2.5 shows an example of sorption isotherm, which is reproduction of equilibrium 
sorption isotherm for methane in dry Pittsburgh coal at standard temperature (30°C) and pressure 
(Ruppel et al., 1969). 
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Figure 2.5. Equilibrium sorption isotherm for methane in dry Pittsburgh coal at standard 
temperature (30°C) and pressure (modified after Ruppel et al., 1969) 
 
Desorption: Gas is stored in coal in both free phase in cleats and sorption on the surface of matrix. 
Sorption is influenced by the van der Waal's forces between gas and solid molecules. The process of 
gas release from coal occurs through desorption of gas from the internal surface when the pressure in 
coal drops below critical desorption pressure. This is followed by diffusion of gas from matrix to the 
fractures. The rate of gas release from the coal surface depends on coal temperature, rank and 
composition as well as porosity and gas composition (Bertard, Bruyet and Gunther, 1970). The gas 
release rate due to diffusion can be described by Fick's law. This concept is normally used for many 
reservoir-engineering purposes. 
Diffusion: The gas movement through the coal matrix and micropores occurs due to diffusion 
governed by Fick's law (Shi and Durucan, 2008). Gas diffusion in coal is highly influenced by coal 
rank, coal lithotype, and coal microstructure (Gamson, Beamish and Johnson, 1996). Gas diffusion 
happens via three mechanisms through the macropores of the coal (Figure 2.6), namely Knudsen 
diffusion, surface diffusion, and ordinary or bulk diffusion (Shi and Durucan, 2008). 
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Figure 2.6. Schematic representation of gas migration mechanisms in a single-porosity medium: a) 
Knudsen diffusion, b) surface diffusion, and c) bulk diffusion (modified after Sotirchos and 
Burganos, 1999) 
 
The diffusion mechanisms can be described as follows: 
 Knudson: occurs at low pressures in capillaries or pores with diameters less than the mean 
free path of the gas molecules traveling through the capillaries in the direction of the 
molecules of the same type with lower concentration.  
 Surface diffusion: when adsorbed gas migrates along the micropore surface, relatively like 
a liquid, this type of diffusional flow occurs.  
 Bulk diffusion: in this type of diffusion, the mean free path is much smaller than the average 
pore size. Diffusion is driven by the concentration gradient of the gas and it appears when 
molecule-molecule collisions occur.  
It is assumed that gas diffusion from coal matrix is driven by concentration gradient. The gas 
exchange rate between fracture and matrix can be written as follows (Mora and Wattenbarger, 2009):  
 ( )s c m fQ D c c   (2.13) 
a) 
b) 
c) 
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where, sQ  is the gas exchange rate per volume of coal matrix blocks, c  is the shape factor, D  is the 
gas diffusion coefficient, mc  is the gas concentration in matrix blocks, and fc  represents the gas 
concentration in coal fractures. mc  and fc  obey the ideal gas law. 
Fick's diffusion law is employed for modelling diffusion process when desorption is considered 
dynamic. Otherwise, the kinetics of gas transport is ignored and desorption is considered to occur at 
equilibrium state where desorption time is zero (Ziarani, Aguilera and Clarkson, 2011; Roadifer and 
Moore, 2009). In addition, the quasi-steady state Fickian diffusion as well as Langmuir equation have 
been extensively utilised in numerical simulation of primary production of coalbed methane (Shi and 
Durucan, 2008). Saghafi, Faiz and Roberts (2007) measured the CO2 diffusivity properties of coal 
samples excavated from different depths from Sydney Basin, Australia, using a gravimetric method. 
Their results reveal that for a certain number of coals, CO2 diffusion coefficients vary from 1.2×10-6 
to 10.2×10-6 cm2/s. In addition, no correlation between diffusivity and depth or rank of coal was 
observed, which is not in agreement with the study by Gamson, Beamish and Johnson (1996). The 
numerical study conducted by Liu et al. (2015) indicates that diffusion can have a significant impact 
on gas pressure, residual gas content, and permeability evolution during methane gas drainage. 
2.5 Evolution of coal permeability models 
Coal permeability is a crucial factor for the prediction and assessment of CSG production. As 
mentioned before, the change in coal permeability results from variation of effective stress and 
shrinkage or swelling of coal matrix owing to desorption/sorption of the gases in the reservoir. Matrix 
shrinkage and cleat compression mechanisms have opposite effects on permeability during CSG 
production. Whereas matrix shrinkage leads to dilation of coal cleat and an increase in permeability, 
cleat compression results in a reduction in permeability. The geomechanical stress, gas flow and the 
resultant deformation interact with each other during gas drainage, which adds complexity to the 
study of geomechanical behaviour of coal and permeability change.  
The general model applied to coal is based on the assumption that it is homogenous and has dual 
porosity, which means gas is predominantly stored in the coal matrix and flows through cleats via 
Darcy's law. The complexity of modelling coal permeability, compared to that of in conventional gas 
reservoirs, arises from the swelling/shrinkage resulted from adsorption/desorption (Connell, Lu and 
Pan, 2010). Coal permeability is affected by a number of factors such as effective stress, pore 
pressure, and matrix swelling or shrinkage (Harpalani and Zhao, 1989). Furthermore, some other 
factors associated with pore characteristics such as porosity, continuity, and connectivity influence 
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coal permeability (Brown, 1987). The available coal permeability models are developed based on the 
linkage between either porosity or stress and permeability. The common conceptual isotropic models 
employed for this purpose are matchstick geometries with two and three cleat sets as shown in Figure 
2.7.  
a)             b)  
Figure 2.7. Isotropic matchstick geometry with: a) three cleat sets, and b) two cleat sets (after Golf-
Racht, 1982) 
 
Permeability models are proposed by linkage of either porosity or stress to permeability, most of 
which have been developed based on the assumption that strain is uniaxial ( 0xx yy     ) as shown 
in Figure 2.8, and total overburden stress remains unchanged ( 0z  ). Uniaxial strain deformation 
is fully acknowledged for simulation of the reservoir depletion response and estimation of pore 
compressibility and reservoir compaction (Yi, Ong and Russel, 2005).   
 
Figure 2.8. Mechanical model for uniaxial strain of coal under constant stress 
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For uniaxial strain condition that is deemed to be valid for a relatively large basin scale (Liu and 
Rutqvist, 2010), change in strain occurs only in one direction (in the direction that constant confining 
stress is applied). In the models of superposing strains, the volumetric strain resulted from gas 
desorption/absorption and pressure change cause a change in cleat porosity. The vertical strain 
(normal to the bedding plane) only contributes to the movement of overburden and does not influence 
cleat porosity. This means porosity and permeability of cleats are not affected by the vertical strain 
(Gu and Chalaturnyk, 2006). The relationship between permeability and porosity is defined by 
Equation 2.14 which is utilised in permeability models, suggested by McKee, Bumb and Koenig 
(1988) and Cui and Bustin (2005). 
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 (2.14) 
In addition, the stress-permeability relationship is defined by Equation 2.15 utilised in permeability 
models (Shi and Durucan, 2004a; Seidle, Jeansonne and Erickson, 1992). 
 0 0 0exp 3 ( ( ))pk k C p p          (2.15) 
Equation 2.15 has been developed by Connell, Lu and Pan (2010) and presented as: 
 0 0 0exp 3 ( ( )) (1 )p sk k C p p              (2.16) 
where,   is a constant representing linear relationship of strains and s  denotes bulk swelling strain. 
The sorption induced volumetric strain s  in coal has been experimentally verified (Harpalani and 
Schraufnagel, 1990; Cui and Bustin, 2005; Robertson and Christiansen, 2005) and used in most coal 
permeability models. The Langmuir type equation used to define the volumetric strain is given as 
follows: 
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 (2.17) 
In the next sections (2.8.1-2.8.10), the permeability models that have been previously developed are 
presented. It is noted that coal permeability models generally fall into two categories. In the first 
category, the relationship between porosity and permeability is considered. Palmer and Mansoori 
(1998) model is related to this category. In the second category, the relationship between strain and 
stress is considered. Some, but not all of the permeability models are presented as follows: 
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2.5.1 Palmer and Mansoori (PM) model 
Palmer and Mansoori (1996) proposed a porosity-based permeability model which is function of 
Poisson's ratio ( ), Young's modulus ( E ), initial porosity at reference pressure, Langmuir strain 
constants, and pore pressure. The equation incorporates cleat porosity change resulted from pore 
pressure and matrix shrinkage:  
   00
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 (2.18) 
where, mC  is the matrix compressibility, l  and   are parameters of Langmuir curve matching 
change in volumetric strain,   is the bulk modulus, and M  is the constrained axial modulus. 
The above-mentioned parameters are defined below: 
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where, g  is a geometric term associated with the direction of the natural cleat system, later introduced 
by Palmer, Mavor and Gunter (2007). f  is a fraction ranging between 0 and 1, and rC  is the grain 
compressibility. PM model depicts a good prediction of primary stage of gas production.  
Figure 2.9 shows replication of theoretical solution of the data presented in Table 2.1 by Excel.   
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Table 2.1. Core measurements from San Juan basin (Palmer and Mansoori, 1996, 1998) 
Parameter San Juan Data Field 
φ0 = Initial porosity 0.001-0.005 
ν (Poisson's ratio) 0.39 
E (Young's modulus), psi (1.24-4.45)×105 
K/M 0.76 
M/E 2 
M 887671.68-247351.21 
f (Decimal fraction) 0.5 
γ (Grain compressibility), psi-1 0 
β (Inverse of Langmuir pressure), psi-1 0.0016 
εL/β, psi 8 
P0, psi 1100 
εL (Langmuir strain) 0.0128 
Cm (Matrix shrinkage compressibility) , psi-1 (1.12-4.04)×10-6 
K, psi 674242.42 
 
 
Figure 2.9. Change of permeability ratio with pressure at San Juan field data 
 
2.5.2 Shi and Durucan (SD) model 
Shi and Durucan (2004a) developed a stress-based permeability model considering uniaxial strain 
and constant vertical stress conditions with the assumption that swelling due to adsorption is 
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analogous to thermal expansion. In addition, the matrix shrinkage due to gas desorption while gas 
production is similar to thermal contraction. They used the equation proposed by Nowacki (1975) for 
a homogeneous, isotropic, and thermoelastic porous medium to develop their model. Their model is 
presented as follows: 
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where, e
h  denotes the effective horizontal stress, 0
e
h  denotes the effective horizontal stress at 
reference reservoir pressure and s  is the macroscopic volumetric matrix shrinkage strain given as:  
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where, l  and lp  are Langmuir shrinkage constants. Permeability and the effective stress are 
correlated as shown in the following function: 
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where, 
fc  is the cleat compressibility.  
Inserting Equation 2.22 in Equation 2.24 results in the following equation: 
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2.5.3 Cui and Bustin (CB) model 
Cui, Bustin and Chikatamarla (2007) derived a porosity-based model, based on the assumption that 
the magnitude of the porosity is small. They considered the effect of change in reservoir pressure and 
strain resulted from shrinkage in their model presented below: 
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2.5.4 Robertson and Christiansen (RC) model 
Unlike the most permeability models, the permeability model suggested by Robertson and 
Christiansen (2006) has been developed under biaxial or hydrostatic confining pressures and variable 
stress conditions in the laboratory. Their model is capable of measuring permeability alteration owing 
to coalbed methane production as well as CO2 sequestration. They developed their model based on 
two experimental scenarios. In the first scenario, they considered constant overburden stress and 
varying pore pressure. In the second scenario, they considered constant pore pressure and varying 
overburden stress. Furthermore, they have considered the impact of swelling or shrinkage on coal 
permeability. Their model can be written as follows: 
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2.5.5 Liu and Rutqvist (LR) model 
Liu and Rutqvist (2010) developed a coal permeability model that takes into account the impact of 
internal swelling stress and consequent effect on fracture opening. Their model is also developed 
under relatively simple mechanical conditions, namely uniaxial strain and constant confining stress 
conditions. The equation suggested for change in stress can be described as follows: 
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where,  
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The following equation is used to relate change in stress to permeability alteration: 
   0 0 0exp 3 f h hk k c p p         (2.30) 
2.5.6 Ma et al. (MM) model 
Ma et al. (2013) suggested a model that considers the effect of swelling stress on coal permeability. 
Figure 2.10 shows the analysis of forces in vertical direction.  
28 
 
 
Figure 2.10. Analysis of forces in vertical direction (modified after Ma et al., 2013) 
 
where, sP  is the swelling stress which opposes the direction of confining stress.  
They developed Shi and Durucan (2004a) model by incorporating swelling stress and suggested the 
following model under uniaxial strain conditions: 
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In their model, they inferred that swelling stress can be caused by adsorption deformation and should 
be incorporated in the permeability model. The direction of swelling stress is upward and opposite of 
the direction of confining pressure caused by overlying rocks. Their results show that PM model’s 
prediction values are smaller than the values obtained from San Juan Basin. However, their 
experimental data is in line with the SD model prediction. Based on their study, considering swelling 
stress for uniaxial strain condition has made their model more accurate than SD model. 
2.5.7 Chen et al. (CL) model 
Chen et al. (2012) developed a model that accounts for permeability change due to sorption-induced 
swelling strain and mechanical effective stress. They utilised an idealised model that represents a 
single fracture within a representative elementary volume. In their model, the effective stress is first 
applied to a non-adsorbing medium and then pore pressure is in effect in an adsorbing medium (Figure 
2.11). They also suggested a conceptual representation of unstressed fracture system consisting of 
hard and soft parts that follow engineering-strain and natural-strain based Hooke's law, respectively 
(Figure 2.12).  
Matrix 
Fracture 
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Figure 2.11. Illustration of two-step loading process: a) effective stress is applied in a non-
adsorbing medium (effective stress effects), and b) pore pressure is applied in an adsorbing medium 
(swelling strain effects) (Chen et al., 2012) 
 
 
Figure 2.12. Conceptual representation of unstressed fracture system consisting of hard and soft 
parts (Chen et al., 2012) 
 
Based on the above-mentioned concepts and assuming matrix permeability is negligible compared to 
fracture permeability, they developed the following model: 
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where, b   is the total fracture aperture, 0b  denotes the initial unstressed total fracture aperture 
opening, e  is the effective stress increment, and fS  is the partition factor reflecting contribution 
of swelling strain to coal bulk deformation. 
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2.5.8 Zhang et al. (ZL) model 
A porosity-based permeability model was developed by Zhang, Liu and Elsworth (2008) that 
accounts for the volume occupied by the free-phase and adsorbed-phase gas, the pore volume change 
due to deformation, and the pore volume change due to sorption. They developed the following 
permeability model:  
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where,   is the Biot's coefficient, sK  is the bulk modulus of coal grains, and v  denotes the 
volumetric strain of the coal matrix. 
They coupled gas flow and sorption-induced coal deformation in a Finite Element (FE) based model 
to quantify the net change in permeability, the gas flow, and the subsequent deformation of coal. They 
claim that their model excludes the errors associated with the loading conditions that do not comply 
with assumptions of uniaxial strain condition and finite bulk modulus of the grains. 
2.5.9 Seidle and Huitt (SH) model 
A porosity-based permeability model that assumes permeability change is only due to sorption-
induced strain was developed by Seidle and Huitt (1995). Their model, however, does not account 
for the elastic strain of the coal. They assumed the matrix swelling is proportional to the amount of 
gas sorbed and the sorbed gas is linked to gas pressure through Langmuir's equation. The developed 
model is given below: 
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2.5.10 Pan and Connell (PC) model 
Pan and Connell (2011) developed an anisotropic permeability model derived from a constitutive 
stress-strain equation for anisotropic poroelastic media suggested by Jaeger and Cook (1969). In their 
model, they assumed uniaxial strain condition, constant overburden stress, and swelling strain and 
geomechanical properties of the coal in the directions parallel to the bedding are the same. PC model 
is presented as:  
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where, xE  and zE  denote Young's modulus in x and z directions. zx , zy , and xy  describe Poisson's 
ratio on zx , zy , and xy  plates. s
x  is given as: 
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The review of existing models reveal that the effects of elastic deformation on coal permeability have 
been comprehensively considered. The permeability models have been developed based on the elastic 
deformation of two distinct entities in coal namely cleat and matrix. However, the effects of viscous 
behaviour of coal reflected as consolidation and creep as factors that can have significant effect on 
coal permeability during the course of gas production (including well shut-in) have been neglected. 
This can lead to misestimating gas drainage and remaining of hazards linked to methane gas in coal 
seam.  
A summary of the above-mentioned permeability models are presented in Table 2.2.  
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Table 2.2. Summary of current existing coal permeability models 
Authors Permeability models Description 
Palmer and Mansoori (1996, 
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lp : Langmuir pressure  
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2.6 Implications for elastic deformation and permeability model development 
Deformation in coal can occur much faster due to being much weaker than neighbouring rocks (i.e. 
roof and floor rocks) (Brantut et al., 2013; Kaiser and Morgenstein, 1981). The relative weakness of 
coal is owing to large macromolecular organic networks in coal that do not possess strong bonds 
(Espinoza et al., 2016). Coal deformation is a long-term process that occurs at very slow rates during 
coalification and formation of overlying sedimentary rocks over geologic time scales. However, the 
deformation process may accelerate due to increasing effective stress during drainage of fluids in the 
reservoir (Schatz and Carroll, 1981). Linear elastic deformation is the most common assumption in 
development of permeability models. The change in porosity due to elastic deformation of cleat-
matrix assemblage leads to a change in permeability. The impact of elastic deformation and sorption 
on coal permeability has been comprehensively documented in the literature (Liu and Rutqvist, 2010; 
Shi and Durucan, 2004a; Pan and Connell, 2011; Palmer and Mansoori, 1998; Robertson and 
Christiansen, 2006; Gray, 1987; Shi and Durucan, 2003).  
Liu, Rutqvist and Berryman (2009) developed a stress-strain relationship for poroelastic and fractured 
rocks using Hooke's law. They suggested that different variations of Hooke's law should be utilised 
for different regions of the rocks representing diverse stress-strain behaviours due to heterogeneous 
nature of rocks. They conceptualized the rock body as two springs that represent engineering-strain 
based (hard spring) and natural strain based (soft spring) Hooke's law. Chen et al. (2012) adopted the 
mentioned concept for development of their permeability model. Palmer and Mansoori (1998) 
developed a permeability model assuming the change in strain due to linear elasticity to be small. 
They derived an equation depicting a relationship between the bulk rock, the grains, and the pores; 
and then they developed a porosity-based permeability model. Robertson and Christiansen (2006) 
derived an equation to develop a permeability model reflecting elastic and sorptive deformation 
mechanisms of fractured media under biaxial or hydrostatic confining pressures. Gray (1987) 
employed Hooke's law and derived an equation that describes the change in horizontal stress with an 
alteration in equivalent sorption pressure. 
Whereas, it is generally assumed that coal mass undergoes linear elastic deformation due to the 
changes of stress and/or strain (Gu and Chalaturnyk, 2006), it experiences time-dependent 
deformation when stress and/or pore pressure change during gas drainage. Nevertheless, 
investigations on the effect of time-dependent deformation and inelastic deformation on coal 
permeability have not been carried out rigorously. 
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2.7 Implications for time-dependent deformation in coal 
Deformation of rocks can occur in an elastic or time-dependent manner depending on the stress state 
in the rocks. The deformation of rocks over the evolution of geological formations takes place 
infinitely slowly. Nevertheless, drainage of the fluids contained in the reservoir rock accelerates the 
deformation process substantially. The deformation can happen in a linear elastic behaviour followed 
by a time-dependent behaviour with fluid pressure depletion. The time-dependent deformation can 
occur in course of months or years during a gas drainage project. However, this period may be shorter, 
in course of days, in laboratory scale. Considering zero lateral strain and constant vertical stress, 
which are acceptable assumptions in reservoir engineering, pore pressure depletion may result in 
vertical compaction of the reservoir and subsidence of ground surface.  
Time-dependent deformation occurs in two forms depending on the stress state and pore pressure. 
The mechanically induced compaction of coal due to an increase in effective stress is usually called 
primary consolidation. However, the compaction is known as the secondary consolidation or creep 
under constant effective stress, which may lead to a permanent inelastic (plastic) deformation  
(Barden, 1968; Bjørlykke, Høeg and Mondol, 2010). However, it is sometimes difficult to distinguish 
genuine effects of consolidation and creep (Fjær et al., 2008). Inelastic deformation of coal may 
happen during CSG production and well shut-in at equilibrium pore pressure. The compaction of coal 
reservoir due to pressure depletion, under uniaxial strain condition (i.e. movement only occurs 
vertically), causes reduction in permeability and hence production rate (Wang et al., 2012).  
2.7.1 Consolidation 
In soil mechanics, the process in which a decrease of the water content of a saturated soil occurs 
where water is not replaced with air is called consolidation (Terzaghi, 1943). Decrease of water 
content in a highly compressible soil exerts a change in the voids volume and settlement due to an 
increase in effective stress. Terzaghi's concept of effective stress with the inclusion of Biot's 
coefficient (Biot, 1941) can be written as:  
 
ij ij ijp       (2.37) 
where,   is the effective stress coefficient ranging from 0 to 1. It can be expressed as follows: 
 1
m
K
K
    (2.38) 
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where, K  is the bulk modulus of porous material and mK  is the grain modulus (modulus of the 
material without pores). The effective stress coefficient has been studied by many researchers (Walsh, 
1981; Kranzz et al., 1979; Ghabezloo et al., 2009) and a linear increase in effective stress coefficient 
with normal effective stress has been observed (Ghabezloo et al., 2009). Yangsheng et al. (2003) 
suggested that the Biot's coefficient obeys a bilinear function of mean stress and fluid pressure. It 
approaches zero at low pore pressures under a wide range of confining pressures. 
The mechanism of consolidation of gas-contained reservoirs (e.g. coal and shale), when single-phase 
flow is presumed, is different from that of water-saturated reservoirs. Therefore, the assumptions 
involved in the theory of consolidation may not be completely applicable to coal. For example, 
whereas water and the solid constituents containing it are assumed perfectly incompressible, gas is 
compressible; furthermore, coal may be more compressible than soil depending on the rank, gas 
species, and gas content. However, both the seepage of water in soil and gas transport in coal cleats 
are governed by Darcy's law. The consolidation theory discussed above is based on elasticity and is 
applicable where deformation is fully reversible. However, this is not always the case for sedimentary 
rocks at high effective stresses, where inelasticity of the rock framework should be considered. The 
consolidation is accepted as a continuous process that is divided into primary and secondary stages. 
The primary consolidation is governed by the pore pressure depletion and the secondary consolidation 
known as creep occurs under constant effective stress (Barden, 1968). Consolidation in coal may be 
due to pore pressure depletion and time-dependent compression of coal matrix and cleat driven by 
diffusion flux as a time-dependent process in coal. The consolidation of unconventional gas reservoirs 
is not fully understood and further investigations seem essential.  
Any changes in the in-situ stress and pore pressure in reservoir is instantaneously followed by the 
subsequent deformation. However, it is observed that the rock deformation continues for a long time 
after the change in the stress state. Fjær et al. (2008) describes consolidation, regardless of the type 
of fluids, as a time-dependent deformation caused by the pore pressure gradients exerted by changes 
in the stress state that leads to seepage of the pore fluid through the porous rock. In this study, 
consolidation is referred to time-dependent deformation of coal due to desorption followed by 
diffusion of gas induced by pressure gradient. Hence, consolidation of coal can be reflected in 
compaction of cleat-matrix assemblage under increasing effective stress.  
2.7.2 Creep 
Creep is a time-dependent deformation that may occur under constant stress (Fjær et al., 2008) or 
constant effective stress when pore pressure is involved (Bjørlykke, Høeg and Mondol, 2010). Creep 
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is a mechanical and/or chemical process which can be triggered by microstructural deterioration or 
restructuring of rocks. It is influenced by parameters such as temperature, stress, and time. Unlike 
consolidation, creep may occur in both dry and saturated rocks, and in gas-contained reservoirs where 
gas exists. Brantut et al. (2013) defines creep process as (1) primary or decelerating creep: in this 
stage, the time-dependent deformation decreases with time. In other words, the strain rate declines 
during the deformation process, (2) secondary or steady state creep: the strain rate is constant in this 
stage, and (3) tertiary or accelerating creep: the strain rate increases during deformation process until 
failure occurs and the process terminates (Figure 2.13).  
 
Figure 2.13. Various stages of a typical creep curve under deviatoric stress (Yin et al., 2008) 
 
Creep can occur via the following mechanisms in microscopic scale:  
 Cataclasis: a delayed weakening of rock microstructure that is relatively independent of time 
and also causes a finite stress-dependent deformation (Frayne, Mraz and Rothenburg, 1990; 
Fabre and Pellet, 2006);  
 Pressure solution: solubility of the solids submerged in liquids change with stress (Yost and 
Aronson, 1987). In other words, stress induces dissolution and sedimentation. This type of 
creep may possess prevailing effects due to the presence of minerals when water-gas two 
phase flow exists in coal reservoir;  
 Granular creep (particulate sliding): the imposing of grains rearrangement by frictional 
sliding as well as pressure solution in order to accommodate the change in grain shape 
throughout compaction process (Frayne, Mraz and Rothenburg, 1990); and  
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 Adsorption-diffusion: the volumetric compaction deformations of the rock mass (i.e. coal 
and shale) exerted by desorption and diffusion of gas species from the adsorbent under 
stressed conditions, followed by adsorption. This process is different from that of permanent 
deformation of solid phase (Hol, Zoback and Spiers, 2013; Sone and Zoback, 2010). 
Figure 2.14 illustrates frictional sliding, pressure solution, and adsorption-diffusion creep in rocks. 
 
Figure 2.14. Creep mechanisms: a) grain rearrangement by frictional sliding, b) pressure solution 
creep, (after Jamtveit and Meakin, 1999), and c) adsorption-diffusion creep (Hol, Zoback and 
Spiers, 2013) 
 
The dominant creep mechanism in rocks is determined by material properties (e.g. moisture content, 
grain size, and strength) as well as in situ conditions (e.g. stress and strain rates) (Frayne, Mraz and 
Rothenburg, 1990). Considering single-phase flow condition in coal, the dominant creep mechanisms 
are cataclasis and particulate sliding. In cataclastic flow regime, permeability and porosity are 
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affected by the development of microcracking during compressive cataclastic failure (Zhu and Wong, 
1997). The compaction development is affected by initial stress state and the stress path in the 
reservoir during dewatering and gas depletion (Settari, 2002). In this study, the time-dependent 
deformation exerted by loading or gas desorption (increasing effective stress) is called consolidation. 
2.7.3 The effect of coal properties and rank on creep 
The effect of the mechanical properties and rank of coal on deformation and permeability has been 
studied (Hagin and Zoback, 2010; Pan et al., 2013; Meng et al., 2012). Uniaxial compressive strength 
and Young's modulus generally increase with coal rank that is due to less microporous structure of 
higher rank coal (Pan et al., 2013). Also, studies show higher permeability with pore pressure 
depletion for the coal with higher lateral Young's modulus (parallel to bedding) (Pan and Connell, 
2011; Danesh et al., 2016). Higher rank coals such as anthracite do not creep and generally break 
explosively in uniaxial compression tests (Pomeroy, 1956). Hence, the impact of creep on 
permeability is expected to be more significant for lower rank coals. This is because coal matrix and 
cleat systems are generally stiffer (or denser) in higher rank coals, during the loading process under 
equal conditions, and therefore they accommodate less creep compared to lower rank coals. Less 
creep in higher rank coals means lower change in porosity and, perhaps, permeability.  
2.7.4 Characterisation of creep and consolidation in the coal injected with gas 
Triaxial compression tests have been conducted for simulation of in-situ conditions for coal in order 
to measure coal geomechanical properties. In such tests, axial and hydrostatic stresses are applied to 
the coal core that is injected with a specific gas (e.g. CH4, CO2, N2). Some studies have been carried 
out on coal characteristics under triaxial compression (Hobbs, 1964; Connell, Lu and Pan, 2010; Lin, 
2010) as well as when high-pressure gas is involved (Ujihira, Higuchi and Mizuma, 1985; Alexeev, 
Revva and Molodetski, 2012). In addition, creep behaviour of coal injected with gas has been studied 
(Zhu, Yang and He, 2011; Yin et al., 2008; Yin et al., 2009; Yang and Zoback, 2011; Wang et al., 
2011). Different types of gases have diverse adsorption capacity and consequently show dissimilar 
creep behaviours. The more the adsorption capacity of the gas is, the softer the coal becomes and its 
softening effect increases due to greater degree of coal matrix swelling. Yang and Zoback (2011) 
studied the effect of gas type on visco-plastic behaviour. They utilised He, N2, CH4 and CO2 in their 
experiments to examine the impact of adsorption and desorption of various gases on the mechanical 
and flow properties of coal. Their results, from the gases of interest, show that the gas with higher 
adsorption capacity such as CO2 induces greater matrix swelling and therefore weakening of the coal 
mass that causes more creep in the coal than the gas with lower adsorption capacity (He). The coal 
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injected with CO2 exhibits more creep than CH4, whilst CH4 induces more creep in coal compared to 
He and N2. The reason for more creep in the coal injected with CO2 is that unlike CH4, CO2 chemically 
reacts with coal under certain circumstances and causes rearrangements of coal structure through 
plasticization (Mazumder et al., 2006; Shi and Durucan, 2008). The creep experiments conducted by 
Hagin and Zoback (2010) shows a significantly more creep for the CO2 saturated coal compared to 
the He saturated coal, which is in agreement with the latter study. More recently, Danesh et al. (2016) 
developed a new stress-strain model to reflect the impact of consolidation on coal permeability, and 
compared the change in gas production between the results with and without consolidation. Figure 
2.15 shows the parameters that exert time-dependent deformation, in scale of days, months or years, 
in coal under isothermal condition. This study focuses on the time-dependent deformation in coal 
brought about by both geomechanical and sorption effects.  
 
Figure 2.15. Factors affecting creep and consolidation in coal 
 
As aforementioned, creep behaviour of the coal injected with gas has been reasonably studied and 
some significant results are achieved. However, experimental studies that explicitly consider the 
influence of consolidation and creep (i.e. primary consolidation and secondary consolidation) on 
permeability of the coal injected with different gasses under varying stress conditions do not appear 
to be conducted.  
2.7.5 Rheological models for time-dependent deformation of rocks and coal 
As mentioned before, some exponential (Brantut et al., 2013; Li, Qiang and Chen, 2013; Bai et al., 
2012; Yin et al., 2008; Fafard et al., 2001; Nishihara, 1957, 1952) and power functions (Wang et al., 
2011; Cruden, Leung and Masoumzadeh, 1987; Singh, 1975) have been suggested in order to model 
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time-dependent strain behaviour of rocks and porous media. In this section, a series of rheological 
models employed to describe creep in rocks and coal in particular are presented. Rheological models 
can be employed to visualize the real mechanisms of deformation in rocks. However, they are not 
true structural models (Boukharov, Chanda and Boukharov, 1995).  
Cruden, Leung and Masoumzadeh (1987) suggested that the creep in a sub-bituminous coal under 
uniaxial compression could be described using two power laws as follows: 
 B DAt Ct     (2.39) 
where, A , B , C , and D  are experimental coefficients. A  and C  are stress-dependent and B  and 
D  are strain-hardening parameters. 
Nishihara (1952) suggested a quasi-static rheological model (Figure 2.16) for transient and steady 
state creep of shale and sandy shale. His model consists of the Hooke body, the visco-elastic and 
visco-plastic bodies that is capable of simulating decelerating and steady state creep. However, it is 
not capable of describing accelerating creep and failure process. This model is suitable for the 
development of the new permeability model due to less complexity and unknowns compared to other 
models. The extended Nishihara model that can depict accelerating creep and failure in the coal 
injected with gas is proposed by some authors (Yin et al., 2008; Jiang et al., 2012). 
 
Figure 2.16. Classical Nishihara model (Nishihara, 1952) 
 
According to the series connection of the elements of Nishihara model, the total strain can be written 
as: 
 
e ve vp       (2.40) 
where, e , ve , and vp  denote strains of the Hooke body (elastic strain), the visco-elastic body 
(decelerating and steady state strain), and the visco-plastic body (accelerating strain), respectively. 
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As mentioned before, subscripts e  and ve  describe elasticity and visco-elasticity; and vp  denotes 
visco-plasticity. 
The creep constitutive equation of Nishihara model under three conditions is presented as: 
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On the right side of Equations 2.41-2.43, the first and second terms represent elastic and visco-elastic 
strains, respectively. Equation 2.41 is valid when the stress applied to coal is less than short-term 
strength and long-term strength. Equation 2.42 is valid for the case that the stress exerted to coal is 
larger than short-term strength and smaller than long-term strength. If the stress applied to coal 
exceeds long-term strength, creep process accelerates in tertiary stage until coal fails. Equation 2.43 
can be used for modelling creep in the latter case.  
Figure 2.17 illustrates the experimental strain data for two coal samples (A12 and A13) under deviatoric 
stress condition in the triaxial test conducted by (Yin et al., 2008). Figure 2.17a shows the 
experimental strain data for the coal sample A12. The sample experienced primary and steady state 
creep and therefore Equation 2.39 was used as the regression to obtain the mechanical properties of 
the sample. Figure 2.17b shows the experimental strain data for the coal sample A13. The sample 
experienced the three stages of creep (primary, steady state, and tertiary) and therefore Equation 2.41 
was used as the regression to obtain the mechanical properties of the sample. Their results depict a 
good agreement between the experimental and theoretical results. 
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a)  
       b)  
Figure 2.17. Comparison between experimental strain and theoretical results for: a) coal sample 
A12, and b) coal sample A13 (modified after Yin et al., 2008) 
 
Jiang et al. (2012) extended Nishihara model to account for accelerating creep stage of sandstone by 
adding an inertial element, shown in Figure 2.18.  
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Figure 2.18. Extended Nishihara model for sandstone (modified after Jiang et al., 2012) 
 
Based on the rheological model elements shown in Figure 2.18, the constitutive equation including 
three stages of creep until failure can be written as follows: 
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where, 
a
t t      and at    denotes the start time of the accelerating creep stage. 
Yang, Xu and Xu (2015) suggested a model that accounts for non-linear visco-elastic deformation 
and accelerating creep in coal under triaxial compression (Figure 2.19). They developed a model that 
comprises a complete creep curve of coal that includes accelerating stage. Their rheological model 
consists of a Burger's triaxial creep model and a non-linear accelerating creep model, shown below: 
 
Figure 2.19. Creep rheological model including accelerating stage 
 
They suggested the following exponential equation under three-dimensional stress state (triaxial 
compression when 2 3=  ): 
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Boukharov, Chanda and Boukharov (1995) suggested a model that accounts for elastic, plastic and 
dilation deformations in brittle rocks under constant load (Figure 2.20). Their model is capable of 
estimating accelerating creep as well as primary and steady state creep. The following rheological 
model for creep in brittle rock is suggested by them: 
 
Figure 2.20. Integral rheological model for creep of brittle rock (modified after Boukharov, Chanda 
and Boukharov, 1995) 
 
The equation representing the time-dependent deformation in brittle rocks can be written as follows: 
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Extending Equation 2.46 yields: 
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2.8 Summary  
In this chapter, a review of permeability models available in the literature was conducted. The effect 
of time-dependent deformation (consolidation or creep) on coal permeability has been identified as 
the gap in the literature. Whereas, the permeability models reveal the impact of elasticity on coal 
permeability, the effects of time-dependent deformation have not been taken into account. The studies 
conducted for characterisation of consolidation and creep in the coal under triaxial conditions, were 
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covered. Some of the rheological models employed to model time-dependent deformation in rocks 
were also presented.  
This research aims to characterise consolidation and creep in coal, and investigate their effects on 
permeability. A new permeability model that accounts for consolidation and creep effects will be 
developed. For this purpose, Nishihara classical model depicts suitability, due to its simplicity and 
less unknowns compared to other models, for modelling time-dependent deformation of rocks and in 
particular coal in this study. It should be noted that the time-dependent deformation exerted by 
loading or gas desorption (increasing effective stress) is called consolidation, which is studied in 
macroscale in this study. In addition, considering the impact of time-dependent deformation on coal 
permeability in microscale is out of the scope of this study. 
In this study, PC permeability model has been extended to obtain the new permeability model 
presented in Chapter 3. The reason that this model has been used for the permeability model 
development is it takes into account the anisotropic characteristics of poroelastic media and it is also 
derived from a well-established stress-strain equation reflecting linear deformation. 
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Chapter 3 Development of time-
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3.1 Introduction 
Interaction effects of deformation of coal matrix-cleat assemblage and the methane migration on coal 
permeability has been researchers' interest for decades. Comprehensive studies have been conducted 
on the elastic behaviour of coal under various loading conditions (Alexeev, Revva and Molodetski, 
2012; Pan et al., 2013; Pomeroy, 1956). The impact of elastic deformation on coal permeability has 
also been studied (Robertson and Christiansen, 2006; Pan and Connell, 2011; Palmer and Mansoori, 
1998; Gu and Chalaturnyk, 2006; Levine, 1996; Somerton, Soylemezoglu and Dudley, 1975; 
Pomeroy, 1956).  
Robertson and Christiansen (2006) suggested that the change in coal fracture width is due to the 
alteration in fracture compressibility, mechanical elasticity, and gas sorption. The two latter factors 
are related to coal matrix properties such as elastic moduli. They developed a permeability model 
including the mentioned effects. Pan and Connell (2011) developed an anisotropic coal-swelling 
model using an energy balance approach assuming the change in surface energy induced by 
adsorption is equal to the change in elastic energy of the coal solid. Palmer and Mansoori (1998) 
developed a permeability model using an equation representing linear elasticity for strain changes in 
porous rock, which is function of the bulk rock, the grains, and the pores. Their model is strongly 
dependent on the elastic modulus as well as the matrix shrinkage coefficient and porosity. Gu and 
Chalaturnyk (2006) assumed the coal mass is a continuum isotropic medium that experiences a linear 
elastic deformation when the stress and/or strain change. They utilised the analytical models of linear 
elasticity for continuum isotropic media to simulate the deformation of coal mass, under uniaxial 
compression, using FLAC 3D. Their results show that whereas the linear part of coal deformation 
associated with the coal matrix deformation can successfully be simulated, the concave part which is 
due to cleat deformation is difficult to simulate (Figure 3.1).  
 
Figure 3.1. Experimental and simulation results of uniaxial compression with isotropic continuum 
elastic model (Gu and Chalaturnyk, 2006) 
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The disagreement between the simulated results and the strain data is due to application of constant 
Young's modulus and Poisson's ratio. 
In addition, creep behaviour of coal under different loading conditions (Hol, Zoback and Spiers, 2013; 
Yang and Zoback, 2011; Pomeroy, 1956; Yin et al., 2009; Yin et al., 2008; Yin, Zhao and Zhang, 
2008; Wang et al., 2011; Singh, 1975; Li et al., 2011) has been studied. However, limited studies 
(Danesh et al., 2016; Danesh et al., 2017; Yang and Zoback, 2011) have considered the effect of 
time-dependent and inelastic deformations on coal permeability. Most permeability models available 
in the literature neglect the effects of time-dependent deformation on coal permeability. Considering 
non-linear deformation along with linear elastic deformation in coal seam is crucial for prediction of 
permeability and estimating the amount of gas drained. 
This chapter presents the theoretical approach adopted for development of the permeability models 
that take into account the time-dependent deformation in coal. Firstly, the theories and implications 
associated with elastic and time-dependent deformations in porous media under increased and 
constant effective stress are presented. Secondly, the coal permeability models including elasto-visco-
elastic and elasto-visco-plastic effects are developed by extending the stress-strain equations 
suggested for poroelastic media.  
3.2 Linear stress-strain relation for anisotropic coal 
Coal, with directional elastic properties, can exhibit elasto-brittle behaviour under progressive 
uniaxial loading (Jeremic, 1985). Hooke's law has been widely used to model linear elastic 
deformation in rocks. The three-dimensional Hooke's law for anisotropic materials can be written as 
(Gudmundsson, 2011): 
 
, , ,
ji k
i ji ki
e i e j e kE E E
 
  
 
    , , ,i x y z  & , ,j x y z  (3.1) 
Where, i  is the directional total strain increment, i , j  and k  are the stress increments in 
i , j , and k  directions, 
,e iE , ,e jE , and ,e kE  are the Young's modulus in i , j , and k  directions, 
and 
ji  and ki  are the Poisson's ratios on ji  and ki  plates. 
The following constitutive equation can be applied to a Hooke body under a triaxial state:  
 2ij ijS G  (3.2) 
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For approximately linear elastic and orthotropic materials such as wood and coal (Jeremic, 1985; 
Timmerhaus and Barber, 1979), Equation 3.2 can be described by the following Voigt notation: 
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Jaeger and Cook (1969) suggested a constitutive equation for anisotropic poroelastic media with 
orthorhombic symmetry (3D) by extending Hooke's law. The stress-strain relation for the coal 
reservoir considering anisotropic matrix swelling/shrinkage strain and thermal expansion/contraction 
strain can be written as: 
 s
i e,i i T,i        ,      , ,i x y z  (3.4) 
where, e,i  is the directional elastic strain obeying Hooke's law, 
s
i  is the swelling/shrinkage 
strain, and T,i  denotes the directional thermal expansion/contraction strain. 
Extending Equation 3.4, the common stress-strain relationship for anisotropic poroelastic media with 
orthorhombic symmetry was suggested by Jaeger, Cook and Zimmerman (2007) as follows: 
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where, i  is the directional thermal coefficient, and T  is the temperature increment. 
Based on Equation 3.4, Equation 3.3 can be extended to account for thermal and coal matrix shrinkage 
strains in matrix form as follows: 
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Gu and Chalaturnyk (2010) have suggested a similar equation to Equation 3.5 for anisotropic 
poroelastic media presented as: 
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where, t
Li  is the total change of linear strain in i  direction, i  , j  , and k   are the 
directional change of effective normal stress, LDi  is the directional coefficient of linear matrix 
shrinkage/swelling, DV  denotes change of adsorbed gas volume, and LTi  is the directional 
coefficient of linear thermal expansion. 
For the development of Equation 3.7, Gu and Chalaturnyk (2010) assumed that there are multi 
adsorptive gases in coalbed and the matrix shrinkage/swelling coefficients of gases are generally 
dissimilar. They also assumed that thermal expansion/contraction of matrix due to temperature 
change is anisotropic. 
3.3 Non-linear stress-strain relation for anisotropic coal 
Visco-elastic stress-strain relation: A non-linear stress-strain relation for anisotropic, poroelastic 
and visco-elastic coal was suggested by (Danesh et al., 2016) through extending the constitutive 
equation of Jaeger and Cook (1969) as follows:    
 s
i e,i ve,i i T,i          ,      , ,i x y z  (3.8) 
where,  
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ve,i  is the directional visco-elastic strain and can be obtained using the visco-elastic term of 
Nishihara model (Nishihara, 1952, 1957) as follows: 
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where, t  is the time, 
,ve iE  and ,ve jE  are the directional visco-elastic moduli and ,ve i  and ,ve j denote 
the directional viscosity coefficients for visco-elastic media. 
Inserting Equations 3.9 and 3.10 in Equation 3.8 yields: 
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As it will be discussed later in Chapter 4, Equation 3.11 can be used as a regression equation to obtain 
the values of unknown parameters and strain components by fitting the experimental data. The 
parameter values will then be implemented into a permeability model, which will be validated against 
the experimental permeability data. 
Visco-plastic stress-strain relation: A non-linear stress-strain relation for anisotropic, poroelastic 
and visco-plastic coal when short-term strength of coal is exceeded can be suggested extending 
Equation 3.8 as follows: 
 s
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vp-st,i , in Equation 3.12, denotes the visco-plastic term of Nishihara model which can be written as: 
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where, ss  is the short strength of coal, ,vp i  and ,vp j  are the directional viscosity coefficients for 
visco-plastic media. 
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Inserting Equations 3.9, 3.10 and 3.13 in Equation 3.12 yields: 
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The non-linear stress-strain equations developed in this section will be used for development of the 
permeability models including the effects of time-dependent deformation. They will be then 
employed for implementation of a coupled numerical simulation of permeability evolution around 
drainage boreholes. It should be noted that the three-dimensional models used in some studies (Yin 
et al., 2009; 2008) to simulate creep in the coal injected with gas cannot be used for modelling time-
dependent deformation in isotropic materials under hydrostatic stress. This is because, under 
hydrostatic stress, the deviatoric stress in the constitutive equation suggested for the Hook body (
2ij ijS Ge ) is zero and therefore, the volume change of the object is not reflected: 
               
, 0
3
i j k
ij dev ij ijS
  
 
    
       ,     , ,i x y z  & , ,j x y z  (3.15) 
where, 
,( )ij dev ijS    is the deviatoric stress on ij  plate. 
Similar to isotropic materials, the volume of anisotropic materials does not change under hydrostatic 
stress, however, a change of shape in the weaker direction is expected (Betten, 2008). 
3.4 Development of time-dependent permeability models 
Coal permeability is an indication of ability of the reservoir to allow fluid flow and its change affects 
CSG production. Permeability is dynamic throughout CSG drainage and alters with the effective 
stress in reservoir. Coal undergoes elastic and time-dependent deformations during gas production 
and well shut-in. The time-dependent deformations appear in forms of consolidation and creep under 
increasing effective stress and constant effective stress during production and shut-in, respectively. 
Permeability models that consider time-dependent deformation of coal will be developed using the 
stress-strain equations extended in Section 3.3. The following assumptions have been considered for 
the development of the models: 
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1. The coal is a heterogeneous and anisotropic medium that reflects elastic, visco-elastic, and 
visco-plastic behaviour in presence of gas; 
2. The whole system is isothermal and the pore gas is ideal. Swelling and shrinkage of matrix 
is analogous to thermal expansion and contraction; 
3. The gas flow in coal is viscous and governed by Darcy’s law; 
4. Coal is laterally constrained, uniaxial strain ( 0xx yy     ), and total overburden stress 
is constant ( 0z  ); 
5. Swelling/shrinkage strain due to sorption is isotropic; 
6. Water content and capillary effects on coal permeability are negligible;  
7. Change in coal permeability is due to the effect of prevailing effective horizontal stresses 
acting on the normal cleat;  
8. Porosity of coal matrix is negligible in comparison with porosity of cleat system; and 
9. The permeability of coalbed is assumed isotropic throughout the drainage process. If 
anisotropy was assumed, the average permeability defined by (Gu and Chalaturnyk, 2006) 
as .ave butt facek k k  could be used. 
Figure 3.2 illustrates conceptual representation of anisotropic stress-strain rheological model for coal, 
which is comprised of Nishihara rheological model in an orthotropic system. The properties of 
components are different in each direction, as can be inferred from orthotropic system (i.e. 
, ,y ,ze x e eE E E  ).  
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Figure 3.2. Anisotropic rheological model for consolidation and creep in coal in different directions 
 
Figure 3.3a demonstrates conceptual representation of consolidation due to the shrinkage and change 
in effective stress under uniaxial strain condition during desorption. Considering free expansion of 
coal due to gas sorption, the pushback process should be applied to the horizontal boundary to 
generate zero horizontal strain ( 0xx yy     ). Free expansion of coal occurs owing to adsorption 
and since coal is constrained in all directions except the top boundary, the boundaries other than the 
top one are pushed back to their original position. Then, when the pore pressure drops from P1 to P2 
due to desorption, coal undergoes consolidation that is reflected as elastic visco-elastic/plastic 
deformation brought about by an increase in effective stress and matrix shrinkage. In other words, 
from macroscopic point of view, consolidation can be attributed to deformation of coal matrix and/or 
coal-fracture assemblage due to a rise in effective stress and matrix shrinkage during desorption. 
From microscopic point of view, consolidation can be linked to deformation of coal micropores and 
microfractures (Figure 3.4). Figure 3.3b demonstrates conceptual representation of creep when 
desorption and consolidation processes are ceased and pore pressure has reached equilibrium in 
reservoir. Creep process is the continuation of consolidation under constant effective stress during 
well shut-in. Creep may appear in decelerating or steady state under low effective stress and in 
accelerating state under high effective stress.  
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a)  
 
b)  
 
Figure 3.3. Concepts of: a) consolidation under increasing effective stress during gas desorption 
and b) creep under constant effective stress considering uniaxial strain condition (modified after Liu 
et al., 2011) 
 
 
Figure 3.4. Consolidation concept due to compaction of coal matrix and/or coal-fracture 
assemblage 
Consolidation 
under uniaxial 
strain condition 
Free expansion due 
to gas sorption 
Pushback force to push 
boundaries to original 
position  
Consolidation strain after 
gas desorption 
 
Creep under 
constant effective 
stress and uniaxial 
strain condition 
Free expansion due 
to gas sorption 
Pushback force to push 
boundaries to original 
position  
Consolidation strain after 
gas desorption 
 
Creep strain after gas 
pressure equilibrium 
 
56 
 
 
Considering uniaxial strain assumption (Shi and Durucan, 2004a; Palmer and Mansoori, 1998) and 
zero thermal expansion or contraction (isothermal condition), the following equations can be 
expressed from Equation 3.5: 
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Pan and Connell (2011) developed a similar equation to that of Shi and Durucan (2004a) for change 
in horizontal effective stress by solving Equations 3.16-3.18 and obtained the following equation: 
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where, xE , yE , and zE  are the Young's moduli in x , y , and z  directions,   is the Biot's coefficient 
varying between 0 and 1, zx , xy , and zy  are the Poisson's ratio on zx , xy , and zy , respectively, 
and p  is the pressure change in reservoir. 
They suggested the following permeability model (PC model): 
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The theories around linear elastic and non-linear deformation in coal were presented in previous 
sections of this chapter. The implications and concepts of elastic and time-dependent deformation 
were also presented. A non-linear stress-strain equation was developed, which will then be used for 
development of time-dependent permeability models, later in this chapter. The reason why the stress-
strain equations used for development of PC model has been adopted for development of a time-
dependent permeability model is that elasticity is reflected in both cleat compression and matrix 
shrinkage terms of the model. In the new permeability models, the viscous behaviour of coal matrix 
and fracture-coal assemblage is considered.   
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3.4.1 Permeability model including elasto-visco-elastic deformation 
(consolidation)  
In this section, the stress-strain constitutive equation extended to include visco-elastic deformation as 
well as elastic deformation, in Section 3.3, is employed to extend the permeability model suggested 
by Pan and Connell (2011). The new model incorporates the effects of elasticity and visco-elasticity 
under increasing effective stress when the coal mass consolidates during gas production. The 
following equations can be obtained from Equation 3.11 under uniaxial strain and isothermal 
conditions: 
 0 syx zx xA B C        (3.21) 
 0 sxy zy yB A C        (3.22) 
 s
z xz yz zC A B          (3.23) 
where, 
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where, 
,ve xE , ,ve yE , and ,ve zE  are the visco-elastic moduli and ,ve x , ,ve y , and ,ve z  denote the 
viscosity coefficients in x , y , and z  directions. 
Considering constant total overburden stress ( 0z z P        ) (Shi and Durucan, 2004a), 
Terzaghi's effective stress law (
ij ij ijp      ) (Terzaghi, 1923), assuming ( 1  ) and (
x y    ), and isotropic geomechanical properties in x  and y  directions and coal shrinkage 
parallel to bedding to be the same, solving Equation 3.21 for x  yields: 
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where,  
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The first term of Equation 3.27 describes elasto-visco-elastic cleat compression and the second term 
describes elasto-visco-elastic matrix shrinkage. The new permeability model can be obtained by 
substitution of Equation 3.27 into Equation 3.30 depicting the relationship between permeability and 
effective stress as follows: 
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Since according to sensitivity analysis presented later in this study, time (t), visco-elasticity in z  
direction, and viscosity coefficient in x  and z  directions ( vex  and vez ) in the terms 
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 have relatively negligible impact on permeability, Equation 
3.31 can be expressed as: 
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3.4.2 Permeability model including elasto-visco-plastic deformation 
In this section, the same approach adopted in Section 3.4.1 has been used to extend PC permeability 
model in order to obtain a model that incorporates the effects of visco-plasticity as well as elasticity 
and visco-elasticity. The stress-strain constitutive equation (Equation 3.14) is employed to extend PC 
permeability model to account for visco-plastic deformation. The new model incorporates the effects 
of elasticity, visco-elasticity, and visco-plasticity when the coal mass consolidates during gas 
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production and the increasing effective stress exceeds coal strength. The assumptions applied to 
develop the following permeability model are similar to those utilised to obtain Equation 3.31:  
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Substituting 
0
e e
h h   in Equation 3.30 with Equation 3.33 yields: 
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3.4.3 Permeability model including creep 
A new model that accounts for the impact of creep under constant effective stress during well shut-
in (no gas production at equilibrium state) is presented. The permeability development procedure is 
the same as those in Sections 3.4.1 and 3.4.2 provided that due to pore pressure equilibrium state 
0si  , , ,i x y z . The permeability model is presented as: 
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where, z  is the axial stress change equivalent to the axial creep generated at pressure equilibrium. 
3.5 Conclusions 
In this chapter, theories, implications and concepts of linear and non-linear deformation in coal were 
presented. Negligence of consolidation and creep effects on coal permeability was the motivation for 
development of time-dependent permeability models. For this purpose, non-linear stress-strain 
equations were extended by introducing visco-elastic and visco-plastic terms of Nishihara model to 
an existing linear stress-strain equation for anisotropic coal. The equations were then used for 
development of the permeability models reflecting consolidation and creep in coal under increasing 
effective stress during gas production and constant effective stress during borehole shut-in, 
respectively. The model incorporating consolidation effects will be used for conducting scenario-
based simulations of gas flow in reservoir and around drainage boreholes presented in Chapters 5 and 
6.  
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4.1 Introduction 
The study of the interaction between coal mass deformation and fluid flow is crucial for prediction 
of well production from CSG reservoir. Measurement of deformation and permeability of coal 
samples under in-situ stress conditions in laboratories enables better understanding of permeability 
evolution and gas flow during gas production.  
Schatz and Carroll (1981) associated creep with time-dependent compaction of porous rock and 
studied the effect of creep on porosity of sandstone. They observed a loss of porosity with time due 
to creep compaction induced by pore pressure depletion under simulated in-situ conditions. 
Nevertheless, no results on creep and permeability data were reported in their study.  
Yang and Jiang (2010) investigated short-term strength and mechanical creep behaviour of sandstone 
in a triaxial compression test and characterised complete process of creep (from primary stage to 
failure) in sandstone under deviatoric stress. They concluded that creep failure of sandstone, as a 
heterogeneous rock, is the synthetic result of faults and heterogeneity of material structures and long-
term propagation of microfractures. Li, Qiang and Chen (2013) employed MTS rock mechanics test 
system to experimentally study creep in water-saturated broken rock and the natural water-content 
broken rock. They concluded that factors such as compressive stress, initial stacking density, and 
moisture have significant effect on creep behaviour. Brantut et al. (2013) experimentally investigated 
time-dependent brittle deformation in crustal rocks under various environmental conditions. They 
studied the effect of differential stress, effective pressure, temperature, pore fluid composition and 
chemistry, and microstructural state. Their results reveal that time-to-failure and creep rate are 
significantly dependent on the magnitude of the deviatoric stress. Zhu, Yang and He (2011) 
characterised creep and seepage in a coal core injected with nitrogen and measured permeability in a 
trixial test. They first applied confining pressure to the sample and then increased axial stress in a 
step manner at constant pore pressure. Their results show an increase in permeability with axial strain. 
They claimed that the increase in permeability was due to generation of macrofractures in the sample. 
However, one may argue that their test may not properly reflect seepage properties of coal under 
constant pore pressure when no desorption occurs.  
Characterisation of creep in the coal injected with gas (Yin et al., 2008; Yin et al., 2009; Yang and 
Zoback, 2011; Wang et al., 2011; Sone and Zoback, 2010) and the coal containing no gas (Yang, Xu 
and Xu, 2015) has been performed. However, characterisation of consolidation and creep and 
permeability evolution during gas production and well shut-in has yet to be studied. 
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This chapter covers the experimental approach to characterise time-dependent deformation in a coal 
sample with the separate injection of two different gases under various stress conditions. In the first 
test, non-adsorbing helium gas was injected into the sample and then an additional axial load to 
hydrostatic load was applied to the sample to exert deviatoric stress and consequent consolidation in 
coal. In the second test, methane gas was injected into the sample under deviatoric stress and gas 
drainage was simulated via desorption of gas. In addition, permeability was measured before and after 
the removal of axial load in the case of the first test, and at pressure equilibrium in each step change 
in pressure for the case of the second test. Axial displacement and radial strains were measured using 
displacement and radial gauges, respectively. The data was collated by a Data Acquisition system 
(DAQ), which will be discussed and analysed in detail below. Finally, the developed permeability 
models were compared with the model suggested by Pan and Connell (2011) and validated against 
the experimental data. 
4.2 Characterization and measurement of time-dependent deformation and 
permeability 
4.2.1 Experimental set-up of triaxial test 
A servo-controlled triaxial test rig was used to study the impact of consolidation and creep on coal 
permeability under a stress-controlled condition (Figure 4.1 and Figure 4.2). The rig was equipped 
with two axial displacement transducers and two micro-precision radial strain gauges for measuring 
axial displacements and radial strains. The Mean Percentage Error (MPE) of the strain gauges fall 
between the range of 1.60% and 3.59%. The two radial strain gauges were installed on the sample 
perpendicularly. It was also capable of applying discrete hydrostatic and axial loads. Two ISCO 
pumps with cylinder capacity of 500 ml were utilised to apply hydrostatic and axial loads to the 
sample, respectively. In addition, two ISCO pumps with cylinder capacity of 350 ml were used for 
injection of gas into the sample. The injection of gas into the coal sample was possible via the tubes 
connected to the top and bottom platens. Vacuuming the sample was also possible via the same tubes. 
The sample used for the experiments was a high-volatile bituminous coal excavated from depth of 
222 m in a coal seam in Bowen Basin, Australia (see Figure 4.3). The sample was cored parallel to 
the bedding plane and face cleats were parallel to the axis of the sample. The diameter and length of 
the coal sample were 6.1 cm and 9.5 cm, respectively. The sample was dried in a heated vacuum oven 
at 50°C and its weight was measured before installation. A membrane was also placed around the 
sample to isolate the sample from the confining fluid. Uneven surface of the sample was smoothened 
using plaster to avoid the build-up of localised stress concentration and gas leakage through the 
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membrane. Once the sample was installed in the gas cell, a series of load cycles were applied to 
consolidate the sample and provide various stress conditions.  
When axial load was applied, total axial stress was equal to the summation of hydrostatic stress and 
axial stress. This means the total axial stress was always higher than radial stress ( a r  ). The rig 
cell and other parts were accommodated in a cabinet to provide isothermal condition throughout the 
tests. 
 
Figure 4.1. Schematic diagram of instrumentation 
65 
 
a)  b)  
Figure 4.2. Experimental set-up: a) core-flooding triaxial rig and its components, and b) gas cell 
components (CSIRO, Melbourne) 
 
Figure 4.3. Coal sample after preparation 
 
4.2.2 Results and discussion 
Influence of loading using helium 
This section presents the results of a triaxial test to study the impact of the effective stress on 
consolidation behaviour and permeability of coal injected with helium. The aim of this test was to 
perform strain and steady state permeability measurements to study the effect of consolidation on 
coal permeability. In this test, the hydrostatic stress of 1.5 MPa was applied to the sample at the start 
of the test. Then, helium was injected into the sample at the pressure of 0.5 MPa. When the changing 
rate of the strain became zero under constant hydrostatic stress, an axial load of 3.0 MPa was applied 
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Strain 
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Gas tube 
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Pa 
Pb 
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(total axial load of 4.5 MPa), as illustrated in Figure 4.4. The stresses and pore pressure were 
maintained constant for 8 days and then the axial stress was removed to unload the sample back to 
hydrostatic condition. In this test, the effective stress change was due to axial loading and unloading.   
Figure 4.5 presents (a) the experimental axial consolidation data and its components under hydrostatic 
loading and hydrostatic and axial loading conditions, and (b) the rheological model (combination of 
simple Prandtl and Kelvin-Voigt models) corresponding to the strain data. The axial loading was 
applied once zero strain rate was reached in the sample under hydrostatic loading, resulting in an 
instantaneous elastic deformation under increasing effective stress. This behaviour can primarily be 
attributed to the closure of butt cleats and axial compaction of matrix. The compaction of matrix is 
likely to be due to the softening effect exerted by diffusion of helium from coal cleat into the matrix. 
The primary stage of consolidation, which is analogous to primary creep, occurred in a relatively 
short period and zero strain rate was achieved in the secondary stage of consolidation (analogous to 
secondary creep). The sample underwent visco-elastic deformation in primary and secondary stages 
of consolidation, which comprises a smaller portion as opposed to elasto-plastic deformation that 
comprises a larger portion of total axial strain. This behaviour can be associated with time-dependent 
viscous deformation of coal cleats and matrix. Tertiary stage of consolidation did not occur in the 
sample under the test condition. Once the axial load was removed, the sample underwent 
instantaneous or elastic strain recovery and visco-elastic strain recovery (time-dependent relaxation) 
under hydrostatic stress only. The maximum axial deformation of the sample was 0.24%. A residual 
deformation or plastic deformation of 0.034% was achieved within two and a half days after 
unloading the sample. This irrecoverable deformation can be linked to the damage to coal 
microstructure reflected as granular consolidation (similar to granular creep mechanism) and 
cataclasis. To better understand the effect of consolidation on coal under axial loading and unloading 
conditions, the Residual Deformation Ratio (RDR) can be defined as follows: 
 
max,axi
 (%) 100%
p
RDR


    (4.1) 
where, 
p  is the plastic or residual deformation after removal of axial load, which can be obtained 
by subtracting recovered elastic and visco-elastic deformations from the total deformation. 
max,axi  
denotes maximum axial deformation during consolidation, which is the maximum deformation 
achieved before removal of load and deformation recovery. In this test, short-term strength of the coal 
was exceeded during elasto-plastic deformation. The maximum short-term strength of coal may be 
calculated using Terzaghi's concept of effective stress (Equation 2.37). In this case, assuming the 
change in pore pressure due to the increase in axial loading is negligible; the maximum short-term 
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strength is approximately 3 MPa ( 4.5 1.5axi ssp        ). 
According to the RDR definition in Equation 4.1, its value for helium test is 14.1%.   
 
Figure 4.4. Loading history and pore pressure of helium 
 
a)  
                            b)                        
Figure 4.5. a) Experimental axial consolidation data and its components, and b) rheological model 
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Figure 4.6 shows the experimental results of permeability as well as axial strain of the coal sample 
against time. It also plots the standard error of the mean for the permeability measurements. The 
permeability of the coal sample can be calculated through the following equation: 
 
 a b
Q L
k
A P P



 (4.2) 
where, Q  is the measured gas flow rate downstream,   is the gas viscosity, A  is the cross-sectional 
area of the sample, L  is the length of the sample, and aP  and bP  are the pressures across the cross-
sectional area of the sample (Figure 4.3). 
 
Figure 4.6. Axial strain and permeability vs. time for helium under constant hydrostatic stress of 
1.5 MPa when axial stress increased from 1.5 MPa to 4.5 MPa 
 
Permeability was measured at four stages of:  
1. Just before applying axial load and under hydrostatic stress only (k1);  
2. After applying axial load and in elastic deformation zone (before initiation of primary 
consolidation) (k2);  
3. Before unloading in secondary consolidation (k3); and  
4. After removal of axial load and during visco-elastic strain recovery (k4) (Figure 4.4 and 
Figure 4.6).  
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The results show a significant drop of 8.6% (i.e. 
2 1 1(( ) / ) 100%k k k  ) in permeability due to elastic 
deformation. The decrease in permeability due to visco-elastic consolidation is only 0.1% (i.e. 
3 2 2(( ) / ) 100%k k k  ). When the axial load was removed, permeability increased by 2.8% (i.e. 
4 3 3(( ) / ) 100%k k k  ) due to elastic and visco-elastic strain recovery. Finally, permeability loss of 
6.2% (i.e. 
4 1 1(( ) / ) 100%k k k  ) caused by plastic deformation was achieved in this test.  
Based on the definition of RDR, the Permeability Loss Ratio (PLR) owing to irrecoverable strain can 
be calculated through the following equation: 
 4 1
3 1
-
 (%) 100%
-
k k
PLR
k k
   (4.3) 
A PLR of 71% was achieved after removal of the axial load (under hydrostatic stress only). The 
permeability loss can be linked to the permanent partial closure of coal cleats as the major conduits 
for gas flow along the sample and radial expansion of matrix.  
Influence of increasing effective stress using methane 
Another set of tests were carried out to investigate the effect of consolidation and creep on coal 
permeability during methane gas desorption and after termination of desorption process when pore 
pressure equilibrium has reached. In this test, the coal sample was initially injected with methane gas 
and then confining stress was applied to the sample. Once equilibrium was reached, an axial stress 
was applied to the sample. Then, the pore pressure was reduced in three steps to simulate gas 
production while keeping the hydrostatic and axial stresses constant (Figure 4.7). Desorption was 
carried out from both ends of the sample and the differential pressure between inlet and outlet of the 
core (i.e. PT-5 and PT-6 shown in Figure 4.1) was maintained constant throughout the process. The 
pore pressure reduced gradually from 2.48 MPa to 1.49 MPa and then to 1.00 MPa and finally to 0.57 
MPa. Effective stress increment obtained for each pore pressure change with respect to the initial 
pressure (2.48 MPa) in three steps was 0.99 MPa to 1.48 MPa and 1.91 MPa, respectively. 
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Figure 4.7. Loading history, stress and pore pressure of methane during gas desorption 
  
Figure 4.8 shows the axial strain against time. The deformation process follows the typical creep 
curve (Figure 2.13) and terminates in steady-state creep as discussed later in this chapter. The elastic 
strain of the sample occurs at the onset of pore pressure depletion, which is mainly attributed to 
closure of coal cleats. The strain rate decelerates due to consolidation and matrix shrinkage and then, 
it approximately becomes constant reflecting steady state deformation. It is likely that time-dependent 
closure of coal cleats, particulate sliding, and cataclasis exert the creep behaviour at pore pressure 
equilibrium, under deviatoric stress-controlled condition.  
 
Figure 4.8. Total axial strain vs. time for: Δσeff,axi=0-0.99MPa, Δσeff,axi=0.99-1.48MPa, and 
Δσeff,axi=1.48-1.91MPa 
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Figure 4.9 shows the change in the volume of desorbed gas from the sample with time for three 
effective stress increments. The results reveal that the time required for the gas volume to reach 
equilibrium state decreases with increasing total effective stress increment at each step. For instance, 
it took approximately 100 hours for the cumulative gas desorbed volume to reach steady state for the 
total effective stress increment of 0.99 MPa in the first step. However, equilibrium was reached longer 
at approximately 150 hours for the case of 1.48 MPa in the second step and 320 hours for the case of 
1.91 MPa in the third step. This was due to compaction of coal microstructure, irrecoverable plastic 
deformation and reduction in cleat aperture, which resulted in slower gas flow through the cleats and 
pathways.  
 
Figure 4.9. Cumulative desorbed gas vs. time at gas pressures of: a) 1.49 MPa, b) 1 MPa, and c) 
0.57 MPa 
 
Once the axial load was removed, the sample deformation partially recovered instantaneously 
followed by visco-elastic relaxation under hydrostatic stress condition. The instantaneous elastic 
strain recovery is mainly attributed to partial opening of the cleats and expansion of matrix due to the 
cushioning effect induced by methane. The visco-elastic strain recovery can also be due to time-
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dependent opening of the cleats and expansion of matrix. Plastic deformation as irrecoverable strain 
in the sample, after removal of axial load, may be associated with the damage to coal microstructure 
(particulate sliding and cataclasis). 
Permeability measurements were performed at different stages of the test as shown in Figure 4.8 in 
red marks. Permeability was measured at five stages of:  
1. Just before start of pore pressure depletion when all stresses and pore pressure have 
equilibrated (k1);  
2. Before the second step change in pore pressure when effective stress was constant (k2);  
3. Before the third step change when effective stress was constant (k3);  
4. Before removal of axial load (before the fourth step) under constant effective stress (k4); and 
5. After removal of axial load (k5) (Figure 4.7 and Figure 4.8).  
Permeability values were used for calculations and validation of the permeability model developed 
by the author.  
Figure 4.10 shows permeability change with (a) pore gas pressure and (b) time. In this test, the 
permeability dropped at each step change in effective stress from 5.6 mD to 4.66 mD, 4.38 mD, and 
4.14 mD. No permeability rebound was observed due to stress-controlled condition. The total 
deformation, including elastic deformation, consolidation, and matrix shrinkage induced by an 
increase of 1.91 MPa in effective stress during desorption caused 26% drop in coal permeability (from 
5.6 mD to 4.14 mD) within the studied time frame. After removal of axial load, permeability increased 
from 4.14 mD to 4.22 mD due to recovery of elastic and partial recovery of visco-plastic deformation.  
The measured deformation is comprised of elastic strain, matrix shrinkage strain and time-dependent 
strains of consolidation and creep. Consolidation and shrinkage strains occur at the same time. In 
order to quantify the contribution of each component to coal permeability change, it is critical that 
their values are obtained. In the following, an extended stress-strain model is employed to determine 
the strain value of each component by fitting the experimental strain data. Total axial strain for the 
coal injected with gas under isothermal condition ( 0T T     ) can be written as: 
 ,s axi
axi e,axi ve,axi vp-st,axi vp-lt,axi                 (4.4) 
In Equation 4.4, 
e,axi  represents the axial elastic strain increment, ve,axi  is the axial visco-elastic 
increment, 
vp-st,axi  and vp-lt,axi  denote the visco-plastic consolidation increments in axial direction 
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for the cases where short-term and long-term strengths of coal are exceeded by effective stress, 
respectively (see Equations 2.40 and 2.41). The elastic and consolidation strains induced by pore 
pressure depletion have competing effect with matrix shrinkage strain on coal permeability. Whereas 
matrix shrinkage strain results in an increase in permeability, elastic and consolidation strains of coal-
fracture assemblage cause reduction in permeability. Creep can cause further reduction in 
permeability when gas desorption is terminated.  
a)  
b)  
Figure 4.10. Evolution of coal permeability: a) permeability vs. pore pressure, and b) permeability 
vs. time for Δσeff,axi=0-0.99MPa, Δσeff,axi=0.99-1.48MPa, and Δσeff,axi=1.48-1.91MPa 
 
Figure 4.11 shows the total axial strain data and its representative components during gas desorption, 
under deviatoric loading conditions. Upon the start of gas desorption, elastic strain occurs due to 
instantaneous closure of cleats and matrix compaction, which is followed by consolidation and matrix 
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shrinkage deformation due to time-dependent compaction of cleat and matrix assemblage. Finally, 
creep starts upon cessation of gas flow at equilibrium. Total axial strain is the summation of all elastic 
strain, consolidation and shrinkage, and creep strains.    
Figure 4.12 shows a typical deformation curve during gas desorption and after termination of gas 
desorption (creep only).  
 
Figure 4.11. Experimental axial consolidation data and its components 
 
 
Figure 4.12. A typical deformation curve during desorption (increasing effective stress) and pore 
pressure equilibrium (constant effective stress) 
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Figure 4.13 and Figure 4.14 show the components of total axial and radial strains, namely, elastic 
strain, consolidation and shrinkage strains, and creep for three effective stress increments. In Equation 
4.4, using Hooke's law, the axial elastic strain increment ( e,axi ) due to change in effective stress can 
be written as:  
  
1
e, axi eff, z eff, x eff, y
eE
           
 (4.5) 
where,   can be obtained from axial and radial strain data and then, eE  can be obtained by 
rearranging Equation 4.5. 
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a)  
b)  
c)  
Figure 4.13. Axial strain components vs. time for: a) Δσeff,axi=0-0.99MPa, b) Δσeff,axi=0.99-
1.48MPa, and c) Δσeff,axi=1.48-1.91MPa 
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a)  
b)  
c)  
Figure 4.14. Radial strain components vs. time for: a) Δσeff,axi=0-0.99MPa, b) Δσeff,axi=0.99-
1.48MPa, and c) Δσeff,axi=1.48-1.91MPa 
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Like creep, consolidation as a time-dependent deformation can be modelled using Equation 3.11. 
Therefore, the following stress-strain equation can be used for modelling consolidation and shrinkage 
strains in coal during gas desorption under isothermal condition: 
 
, ,, ,
, , , ,
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axi xz
ve z ve z ve x ve x
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t t
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
 

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       
     
  (4.6) 
where, con,s
axi  is the total axial consolidation and shrinkage strains increment. 
The values for unknown parameters of Equation 4.6 can be obtained using the equation as regression 
and fitting it to the measured experimental strain data during desorption (consolidation and shrinkage 
strains), shown in Figure 4.15. Also, the visco-elastic terms of Equation 4.6 (first, second and third 
terms on the right side) can be used as regression to fit the strain data in order to obtain the values for 
unknown parameters. Table 4.1 and Table 4.2 present the mechanical properties of the coal sample 
for three effective stress increments and matrix shrinkage parameters after fitting the strain and the 
gas sorption data, respectively. It should be noted that it is assumed that the sample is isotropic in the 
elastic regime (i.e. 
, , ,e x e y e zE E E   and xz zx yz zy xy        ); For the consolidation and creep 
regimes, geomechanical properties in x and y directions are  isotropic (i.e. 
, ,ve x ve yE E  and 
, ,ve x ve y  ).  
Figure 4.16 illustrates the sorption data. LV  and LP , in Table 4.2, can be obtained by fitting the best 
curve on the sorption data using the following equation as regression: 
 ads L
L
p
V V
p P
 
  
 
  (4.7) 
where, adsV  is the adsorbed gas volume, LV  is the Langmuir volume that is the maximum volume of 
the gas which can be sorbed onto the coal surface, and LP  is the Langmuir pressure defined as the 
pressure at which half of the Langmuir volume is reached. 
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a)  
b)  
c)  
Figure 4.15. Curve-fitting measured strain data for: a) Δσeff,axi=0-0.99MPa, b) Δσeff,axi=0.99-
1.48MPa, and c) Δσeff,axi=1.48-1.91MPa 
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Figure 4.16. Experimental Langmuir isotherm and the fitting curve used to derive gas sorption 
parameters 
 
L  can be obtained by rearranging the following equation describing the swelling strain of coal: 
 
s
x L
L
p
p P
 
 
   
 
  (4.8) 
where, 
s
x  is the swelling-induced volumetric strain caused by adsorption at a certain pressure, and 
L  is the Langmuir-type matrix swelling/shrinkage constant.  
Also, the matrix swelling coefficient ( ) can be obtained from the following equation used for single-
phase gas in coal: 
 L LV    (4.9) 
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Table 4.1. Mechanical properties of the coal sample for three effective stress increments 
Type of deformation Mechanical properties 
Δσeff,axi (MPa) 
[0-0.99] [0.99-1.48] [1.48-1.91] 
Elastic strain 
Ee (GPa)* 0.17 1.22 3.34 
ν* 0.48 0.44 0.30 
Consolidation 
Eve,x= Eve,y (GPa) 1.90 4.60 8.00 
Eve,z (GPa) 0.85 1.95 4.47 
ηve,z (MPa.s) 6.54 27 140 
ηve,x=ηve,y (MPa.s) 13.8 105 590 
Creep 
Eve,x= Eve,y (GPa) 1.30 8.00 9.00 
Eve,z (GPa) 2.85 15.7 25 
ηve,z (MPa.s) 130 370 1800 
ηve,x=ηve,y (MPa.s) 290 450 1650 
* Obtained from experimental data using Hooke's law. 
 
Table 4.2. Matrix shrinkage parameters 
VL (m3/kg)  0.02  
PL (MPa)  1.03  
α (kg/m3)  0.155  
εL  0.0031  
Δεxs  0.00224  
 
The results show that at the beginning of gas desorption process, elastic behaviour has dominant 
effect on coal deformation. Shrinkage strain cannot be directly obtained due to unattainability of pore 
pressure. However, the consolidation and shrinkage strains induced by pressure depletion can be 
obtained by subtracting elastic strain from total strain.  
For the effective stress increment of 
, 0.99MPaeff axi  , pore pressure equilibrium was reached at 
approximately 100 hrs when primary creep started to occur. For the other two effective stress 
increments of 
, 1.48MPaeff axi   and , 1.91MPaeff axi  , pore pressure equilibrated at a longer 
time that caused relatively delayed creep process. The creep achieved under constant effective stress 
for the two latter cases is steady state. Primary creep may have been established during development 
of matrix shrinkage and creep strains. The elastic strain at the beginning of gas desorption can be 
attributed to instantaneous cleat compression and matrix shrinkage.  
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However, it is suggested that contribution of shrinkage strain to elastic deformation may be 
infinitesimal since shrinkage strain is a time-dependent and lengthy process, sometimes in order of 
months (Seidle and Huitt, 1995). The significant drop in permeability over time can be associated 
with consolidation and creep in coal and dominant effect of cleat compression on coal permeability.  
4.3 Validation of models 
To extend the application of the experimental findings of this study, the developed permeabilty 
models considering consolidation and creep were employed to validate their suitability by fitting the 
experimental coal permeability data.  
The permeability model (Danesh et al., 2016) incorporating the impact of visco-elastic deformation 
(consolidation and shrinkage strains) on permeability of cleat and matrix assemblage is given below: 
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Equation 4.10 is applicable under increasing effective stress condition during methane desorption. 
Similar to the procedure carried out to develop the mentioned permeability model, the following 
permeability model that accounts for the impact of creep under constant effective stress is suggested 
as follows: 
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where, z  is the axial stress change equivalent to the axial creep generated at pressure equilibrium, 
which can be calculated by incorporating experimental creep data in the following equation: 
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where, x  and y  are the radial stresses ( x y    ) equivalent to the radial creep generated at 
pressure equilibrium, which can be obtained from the following equation: 
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where, creep
rad  is the change of total radial creep. The two unknown parameters of z  and x  
can be obtained by solving Equations 4.14 and 4.15 using the creep data. 
Equations 4.10 and 4.13 also show that fracture compressibility (
fc ) is needed in order to determine 
coal permeability value. As can be seen, three different values have been used for calculation of 
fracture compressibility using Equation 4.16. This is due to a relatively lengthy compaction process 
at each step of pore pressure depletion that results in significant alteration in fracture compressibility. 
Therefore, using a single value for fracture compressibility may result in higher deviation of 
numerical data from empirical data and hence higher uncertainty.  
According to the definition, fracture compressibility can be calculated using the following equation: 
 
 
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0
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3
f e e
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k
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 
 
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
 (4.16) 
where, (
0
e e
h h  ) is the change in horizontal effective stress. k  is the permeability measured toward 
the end of creep process. 0k  is the initial permeability measured before the beginning of gas 
desorption process.   
Table 4.3 presents the values for fracture compressibility for the three effective stress increments (
eff ,axi ). 
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Table 4.3. Fracture compressibility for effective stress increments 
Δσeff,axi (MPa) [0-0.99] [0.99-1.48] [1.48-1.91] 
cf (MPa-1) 0.061 0.040 0.037 
Figure 4.17 shows experimental measurements and values predicted using the new permeability 
models (Equations 4.10 and 4.13) and PC model. The mechanical properties of the coal sample used 
for the comparison between numerical results and experimental data are tabulated in Table 4.1 and 
Table 4.2. It should be noted that it is assumed that the Poisson's ratios on zx, xy and zy plates, in the 
permeability models, are equal (
zx zy xy    ). Also, it is assumed that , ,e x e zE E . In general, the new 
models show a better permeability prediction. Whereas, the results show that the predicted 
permeability values by the two models at highest and lowest pore pressures are approximately the 
same, PC model shows significantly overestimated values for middle pore pressures (1.0 MPa and 
1.5 MPa).   
 
Figure 4.17. Validation of new permeability models: comparison of new model, PC model and 
experimental data 
 
The comparison between empirical permeability data and numerical permeability data estimated by 
the new models and PC model are presented in Figure 4.18. A minimum deviation of approximately 
1.92% and 0.9% at pore pressure of 0.5 MPa (
, 1.91MPaeff axi  ) is evident for new model and PC 
model, respectively. In addition, a maximum deviation of approximately 15.4% and 16.4% at the 
same pore pressure can be seen for new model and PC model, respectively. The reason as to which 
the permeability values measured at pore pressures of 1 MPa and 1.5 MPa, predicted by PC model, 
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are significantly higher than the measured values is the negligence of viscous behaviour of coal under 
deviatoric stress and also irrecoverable plastic deformation.   
a)  
b)  
Figure 4.18. Comparison of experimental and numerical permeability models: a) new model and b) 
PC model 
 
4.4 Experimental characterization of creep in coal 
Consolidation and creep in the coal injected with different gasses (helium and methane) were 
characterized and their effect on permeability was investigated earlier in this chapter. This section 
aims to characterise creep in a coal core using a uniaxial compression test rig under stress-controlled 
condition in two tests. Incremental axial loading is applied to the sample in a step manner and then 
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the loading is reduced incrementally. The results from the tests enable to gain an insight into time-
dependent deformation and inelastic behaviour of coal. 
4.4.1 Experimental set-up and procedure of uniaxial test 
A servo-controlled uniaxial compression rig was used to characterize creep in a high-volatile 
bituminous coal sample (Figure 4.19). The sample was obtained from the same coal block from which 
the sample used for the experiments, previously presented in this chapter, was obtained. The diameter 
and length of the coal sample were 60.9 mm and 190.6 mm, respectively. Uneven surface of the 
sample was smoothened using a lap wheel after cutting the sample. This has been carried out to avoid 
the build-up of localised stress concentration, which may result in premature failure of the sample. 
The rig was equipped with a 50 kN load cell and one axial displacement mounted on the loading 
frame. In addition, two strain transducers were mounted on the sample perpendicularly to measure 
radial strains. A Data Acquisition system (DAQ) was utilised to record the data.  
 
Figure 4.19. Uniaxial compression test set-up 
 
Two tests were conducted on the same sample using the uniaxial compression rig. Incremental 
loadings were applied to the sample in four and five steps in the first and second tests, respectively. 
Then, the load was maintained for a certain amount of time and then reduced in a step manner to the 
Loading frame 
DAQ system 
Load cell 
Sample 
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preceding stresses. For the first test (Figure 4.20), the intervals between each step change during the 
loading and unloading were approximately six hours. For the second test (Figure 4.21), in the last 
loading step, the highest stress of 8.0 MPa was applied to the sample. The highest duration of 
approximately 190 hours was also allowed at 8.0 MPa in the test. The duration for each unloading 
step (recovery) was approximately 25 hours except for the last step where recovery was allowed for 
approximately 80 hours. 
4.4.2 Results and discussion 
The results from the tests (Figure 4.20 and Figure 4.21) reveal that elastic deformation has a dominant 
contribution to total strain in each loading step owing to very small stresses. In the first test, a loading 
rate of 0.1 mm/min was applied to the sample. The sample experienced a relatively trivial amount of 
visco-elastic deformation in the first and second steps. However, in the second test, where a loading 
rate of 0.05 mm/min was applied to the sample, no visco-elastic deformation was observed under 
lower stresses (i.e. 1.0 MPa to 6.0 MPa) and the strain rate was approximately zero. In other words, 
the total deformation of the sample in each step is caused by the elasto-plastic deformation only. The 
onset of visco-elastic deformation follows elastic deformation when stress was increased from 6.0 
MPa to 8.0 MPa. The strain rate gradually increased and then plateaued before unloading the sample 
down to 6.0 MPa. The reason why the sample underwent lower magnitude of elastic and time-
dependent deformations was due to the higher stiffness and strength of coal attained during uniaxial 
compression under step loading in the first test.  
In the first test, it was observed that once the stepwise unloading of the sample at loading magnitudes 
was conducted, the strain relaxation was time independent and only occurred in the elastic form. In 
the second test, however, after reducing the stress from 8.0 MPa to 6.0 MPa, the strain recovered 
instantaneously (elastic strain recovery) followed by a time-dependent relaxation (visco-elastic 
recovery). The plastic deformation (or the residual deformation) reflected as irrecoverable 
deformation after each unloading is due to the damage to coal microstructure. 
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Figure 4.20. Uniaxial compression (test #1) 
 
 
Figure 4.21. Uniaxial compression (test #2) 
 
The following relationship exists where time-dependent deformation at low stresses does not occur 
and the residual deformation is the consequence of the elasto-plastic deformation: 
 
, , ,e p e rec p res          (4.17) 
where,   is the total strain increment, 
,e p  is the elasto-plastic strain increment, ,e rec  and ,p res  
denote recovered elastic strain and residual plastic strain increments, respectively. 
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The existence of time-dependent deformation is subject to the magnitude of loading and loading rate 
along with coal rock properties. The following equation can be used where time-dependent 
deformation at high stresses occurs: 
 
, , , ,e p ve e rec ve rec p res              (4.18) 
where, ve  is the visco-elastic strain increment and ,ve rec  denotes recovered visco-elastic strain 
increment. Table 4.4 presents the approximate amount of strain components for the increase of stress 
from 6.0 MPa to 8.0 MPa in the second test: 
Table 4.4. Amount of strain components for the increase of stress from 6.0 MPa to 8.0 MPa 
Δε (%) Δεe,p (%) Δεve (%) Δεe,rec (%) Δεve,rec (%) Δεp,rec (%) 
0.380 0.313 0.067 0.303 0.030 0.047 
Comparing the results for the sample injected with helium and methane gases and the sample 
containing no gas, it was revealed that the adsorbed gas induces softening effect to coal matrix. The 
extent to which the coal softens depends on the adsorption capacity of the gas it contains. Hence, the 
coal may undergo further consolidation when injected with a gas with higher adsorption capacity than 
the coal that does not contain any gas under the same experimental condition (i.e. the same stress and 
thermal condition).  
4.5 Conclusions 
This chapter aimed to characterise consolidation and creep in a coal sample injected with different 
gases, and creep in a coal sample that contained no gas under various stress conditions. A series of 
experiments were conducted using the coal sample injected with helium first and then methane under 
triaxial condition. Deformation (i.e. linear and non-linear) and steady-state permeability were 
measured throughout the tests. In the coal sample that contained no gas, the sample was first loaded 
and then unloaded in a step manner in a uniaxial compression test to characterise creep under various 
stresses. 
For the case of helium, the irrecoverable deformation and the loss of permeability because of 
consolidation under deviatoric loading are substantial. RDR of 14.1% was observed in this test. In 
addition, a significant PLR of 71% due to residual deformation was observed. The irrecoverable 
deformation may be due to the damage to coal microstructure resulted from granular consolidation 
and/or cataclasis. For the case of methane, the elastic strain triggered by gas desorption is caused by 
instantaneous cleat compression and matrix shrinkage. However, the contribution of cleat 
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compression to elastic deformation is likely to be more significant than shrinkage strain as a relatively 
lengthy phenomenon.  
The extended stress-strain model was successful in matching consolidation strain curves. 
Mechanically induced compaction can cause temporary or permanent decrease in permeability during 
gas production depending on the dominant deformation mechanism. Contribution of time-dependent 
deformation, as partially recoverable mechanism, to permeability reduction may constantly increase 
during gas production and well shut-in when pore pressure equilibrium is reached in consolidated 
zones in reservoir. In this study, a total reduction of 26% in permeability resulted from an increase of 
1.91 MPa in effective stress due to methane desorption was observed. This indicates that 
consolidation and creep in coal, should be considered when evaluating and predicting reservoir 
performance.  
The results from the uniaxial compression test reveal that the coal with higher strength may not 
experience time-dependent deformation at lower stresses. Whether or not the coal undergoes time-
dependent deformation depends on the stress magnitude, loading rate and coal petrography under 
constant temperature and humidity.  
A series of scenario-based simulations using the developed permeability models incorporated in 
COMSOL Multiphysics will be conducted to study the effects of time-dependent deformation on coal 
permeability and gas drainage in the next chapters.   
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5.1 Introduction 
With the growing interest in excavation of deeper coals and production of CSG, the study of gas flow 
and reservoir deformation becomes more essential. The studies depict that the models coupling gas 
flow and geomechanical deformation enables a better prediction of CSG production and borehole 
performance (Zhang, Liu and Elsworth, 2008; Young, 1998; Wu et al., 2011; Wu et al., 2010b; Reid, 
Towler and Harris, 1992; Qin and Thomson, 2007; Gu and Chalaturnyk, 2005, 2010; Guo and Cheng, 
2013). In order to do so, permeability models and mass balance equations along with geomechanics 
are coupled and implemented in the FE models.  
Cui and Bustin (2005) investigated the effects of reservoir pressure and sorption-induced volumetric 
strain quantitatively. They deduced that permeability change with gas production is dependent on 
factors such as coal seam orientation, the stress field in reservoir, and the cleat structure. Decrease 
and increase in permeability due to cleat closure and matrix shrinkage has been widely acknowledged 
in the literature (Gorucu et al., 2005; Chen et al., 2013; Cui and Bustin, 2005; Connell, Lu and Pan, 
2010; Harpalani and Chen, 1997; Liu et al., 2010; Wu et al., 2010a). It is believed that the challenge 
for accurate simulation of gas flow in reservoir exists in gas desorption-induced coal matrix shrinkage 
in response to decrease in pore pressure during gas production (Gray, 1987). Some researchers have 
also studied permeability evolution during Enhanced Coalbed Methane (ECBM) production. 
Permeability loss due to the swelling induced by CO2 adsorption is modelled to describe the injection 
data (Reeves et al., 2003) and a characterisation of permeability loss owing to swelling using various 
permeability models is performed (Shi and Durucan, 2004b). 
Studying compaction, land subsidence and consolidation of porous rocks and aquifers due to hot 
water injection or pumping (Bear and Corapcioglu, 1981), production and withdrawal of 
hydrocarbons (e.g. oil and gas) and geothermal fluids (Schatz and Carroll, 1981; Jaeger, Cook and 
Zimmerman, 2007; Chilingarian, Donaldson and Yen, 1995; Espinosa and Mirabal, 1988) has been 
researchers' interest over recent decades. The relationship between effective stress and permeability 
of aquifers has been comprehensively established through laboratory tests (Tsang and Witherspoon, 
1981; Durham, 1997; Hopkins, 2000), field tests (Cappa, 2006; Schweisinger, Svenson and Murdoch, 
2009), and observations of aquifer consolidation by measuring and modelling the ground subsidence 
(Lombardi, 1988; Rutqvist and Stephansson, 1996; Zangerl, Eberhardt and Loew, 2003).  
A series of scenario-based numerical simulations are implemented in this chapter. The developed 
permeability model including consolidation effects along with gas flow equations is incorporated in 
COMSOL Multiphysics software. The effect of consolidation on the permeability change due to cleat 
compression and matrix shrinkage has been studied. The results from the developed model are 
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compared with those of Pan and Connell (2011). A sensitivity analysis has been conducted to 
determine to what extent the variables can affect coal permeability. Furthermore, the effect of 
consolidation on gas drainage efficiency is investigated. 
5.2 Model implementation and results analysis 
5.2.1 Model implementation 
The numerical simulation has been conducted by employment of gas flow through poroelasticity and 
sub-surface flow (Darcy’s law) module. A 2-D square homogeneous simulation model of 10 m×10 
m coal (Figure 5.1) that is initially saturated with methane at 6 MPa gas pore pressure was used. A 
quarter of a borehole with radius of 15 cm has been created in the corner of the simulation model. It 
should be noted that this work mainly aims to investigate the impact of coal compaction on 
permeability within a simple geometry, thus a non-typical model dimension was chosen. Coal 
permeability is assumed isotropic and gravity effects are negligible in this simulation. The number of 
total elements applied to the mesh was 1134 with the maximum element size of 67 cm. 
 
Figure 5.1. Model geometry and boundary conditions for gas drainage in a borehole drilled in coal 
reservoir (front view) 
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5.2.2 Boundary and initial conditions 
The initial gas pressure in reservoir was set to 6.0 MPa and desorption of methane gas triggers through 
the pressure difference between reservoir and the borehole. The pressure in drainage borehole was 
atmospheric (i.e. 101.325 kPa) and flux occurred from the reservoir into the borehole. The bottom, 
right and left boundaries were constrained (no lateral strain). The right and top boundaries were under 
constant stresses. There was no-flow condition on all boundaries except for drainage boundary 
(borehole wall). The summary of the stress, strain, and pressure conditions in the domain (Ω) and on 
the boundary (∂Ω) under uniaxial strain condition is as follows: 
0(0) 0i x                       on ∂Ω1, ∂Ω2, ∂Ω3, ∂Ω4, 
0(0)k z                           on ∂Ω1 
0(0)k z                           on ∂Ω1 
0(0)i x  , 0(0)k z      on borehole (∂Ω5) 
where, 0x , 0z , and 0  are initial strain values in x  and z  directions and initial stress on the domain 
boundaries. 
( )p p t , 0(0)p p               in Ω 
( 0.15 ) ap r m p                  on borehole (∂Ω5) 
where, 0p  is the initial pressure and ap  is the atmospheric pressure. 
5.2.3 Governing equations of gas flow 
The flux of free phase gas in macropores (cleats) occurs through Darcy flow. The transport of gas in 
micropores (matrix) obeys Fick's law in adsorbed and dissolved states (Yi et al., 2009). It is assumed 
that cleat is the main source of permeability and matrix permeability is relatively negligible (Gu and 
Chalaturnyk, 2006). This assumption has been employed for development of gas flow equations in 
this study. The mass balance equation for the gas in coal is defined as: 
 .( )g g s
m
q Q
t


 

 (5.1) 
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where, m  is the gas content consisting of free-phase and absorbed gas, t  is the time, 
g  is the gas 
density, gq  is the Darcy velocity vector, and sQ  is the gas source term. m  can be defined as follows: 
 Lg ga c
L
V p
m
p P
    

 (5.2) 
where,   is the porosity, ga  is the gas density at standard condition, c  is the coal density, LV  is 
the Langmuir volume constant, and LP  is the Langmuir pressure. 
Based on the ideal gas law, the gas density can be obtained from the following equation: 
 
g
g
M
p
RT
   (5.3) 
In Equation 5.1, gq  is given as: 
 g
k
q p

    (5.4) 
where, k  is the relative permeability of gas,   is the dynamic viscosity. 
By substituting Equations 5.2-5.4 into Equation 5.1 the following mass balance energy can be 
obtained: 
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c a L L
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L
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p p p Q
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 


    
       
     
 (5.5) 
where, ap  is atmospheric pressure (101.325 kPa). Ignoring the effect of coal deformation and sorption 
on gas flow, and assuming zero source term and change in porosity over time to be negligible, 
Equation 5.5 can be simplified as: 
 
2
. 0
( )
c a L L
L
p V P p k
p p
tp P



   
      
    
 (5.6) 
Equation 5.6 along with the properties of coal and gas in Table 5.1 and the developed permeability 
model (Equation 3.31) presented in Chapter 3, were used in the Darcy flow module of COMSOL 
software to simulate gas flow in coal.  
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5.2.4 Results of new permeability model vs. PC model 
A simulation example has been presented to compare the results of the permeability model including 
visco-elasticity and PC model (Pan and Connell, 2011), as shown in Figure 5.2. The results were 
obtained from simulation using the two permeability models with the input pertinent parameters listed 
in Table 5.1 for the location marked in red, which is 30 cm away from the centre of drainage borehole 
(Figure 5.1). The values in Table 5.1 fall within an acceptable range obtained from the literature. 
The results indicate that sorption-induced swelling/shrinkage has a dominant effect on coal 
permeability for both models. As shown in Figure 5.2, for a pressure drop from 6.0 MPa to 
atmospheric pressure, the new model depicts a significant drop of 25% in permeability due to the 
visco-elastic consolidation compared to that of PC model. In addition, the visco-elastic deformation 
causes a 23% reduction in permeability for desorption (second term of Equation 3.26 on the right 
hand side) when gas pressure reduces from 6.0 MPa to atmospheric pressure at final stage of gas 
desorption (Figure 5.3). However, the effect of consolidation on the permeability change caused by 
cleat compression (first term of Equation 3.26 on the right hand side) during gas drainage is as trivial 
as approximately 2% for the same magnitude of pressure depletion (Figure 5.4). In this example, 
sorption has dominant effect on permeability and is more significant for the improved model. The 
results show that visco-elastic consolidation resulted from gas pressure depletion from 6.0 MPa to 
4.0 MPa induces a 5% decrease in permeability. A pressure drop of 4.0 MPa (from 6.0 MPa to 2.0 
MPa) leads to a decrease in permeability by 13%. This means consolidation becomes more significant 
with pressure depletion toward the end of gas drainage as shown in Figures 5.2 to 5.5, which is 
believed to be associated with the higher effective stress.   
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Table 5.1. Properties of coal and gas as input for the numerical simulation 
Parameters Values 
Initial porosity of fracture (φ0) 0.005 
Young's modulus of coal in x direction (Eex, GPa) 2 
Young's modulus of coal in z direction (Eez, GPa) 2.9 
Visco-elastic modulus of coal in x direction (Evex, GPa) 18 
Visco-elastic modulus of coal in z direction (Evez, GPa) 12 
Poisson's ratio on zx plate (νzx) 0.3 
Poisson's ratio on xy plate (νxy) 0.35 
Poisson's ratio on zy plate (νzy) 0.32 
Dynamic viscosity of methane (μ, Pa.s) 12.2×10-6 
Langmuir pressure constant (PL, MPa) 4.31 
Langmuir volume constant (VL, m3/kg) 0.015 
Viscosity coefficient of coal in x direction (ηex, GPa.s) 2.5 
Viscosity coefficient of coal in z direction (ηez, GPa.s) 3 
Initial permeability of coal (k0, mD) 1 
Initial gas pressure (P0, MPa) 6 
Langmuir volumetric strain constant (εl) 0.01266 
Cleat volume compressibility (Cf, MPa-1) 0.04 
Density of methane at the standard condition (ρg, kg/m3) 0.717 
 
Figure 5.2. Permeability vs. pressure for new model and PC model (2011) 
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Figure 5.3. Effect of consolidation on permeability change due to gas desorption only (excluding 
effective stress)  
 
 
Figure 5.4. Effect of consolidation on permeability change due to an increase in effective stress 
only (excluding desorption)  
 
As shown in Figure 5.5, the permeability values obtained from both permeability models start to 
deviate at early stage of gas production (t=0.47 hour). It can be deduced that at very early stage of 
gas drainage both models convey the same permeability prediction. The results show that coal 
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permeability may be overestimated at final stage of gas drainage if the consolidation phenomenon 
was not considered. This is due to a slight change in effective stress at primary stage and a significant 
change in effective stress at final stage of gas production; and dominant effect of cleat compression 
compared to that of matrix shrinkage. 
a)  
b)  
Figure 5.5. Permeability vs. time for new model and PC model (2011): a) regular scale, and b) 
logarithmic scale with base of 10 
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A sensitivity analysis has been carried out to investigate the effect of mechanical parameters of the 
new model (with consolidation effect) on permeability change compared to PC model (no 
consolidation effect), as summarised in Table 5.2.  
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Table 5.2. Permeability difference due to consolidation for different coal properties (new model vs. 
PC model) 
Parameters Values 100
PC new
PC
k k
k

  
Young's modulus of coal in x direction (Eex, GPa) 
2 25 
3 44 
Young's modulus of coal in z direction (Eez, GPa) 
2.9 25 
3.9 25 
Visco-elastic modulus of coal in x direction (Evex, GPa) 
18 25 
25 20 
Visco-elastic modulus of coal in z direction (Evez, GPa) 
12 25 
16 24 
Poisson's ratio on zx plate (νzx) 
0.3 25 
0.4 25 
Poisson's ratio on xy plate (νxy) 
0.35 25 
0.4 27 
Poisson's ratio on zy plate (νzy) 
0.32 25 
0.4 25 
Viscosity coefficient of coal in x direction (ηex, MPa.s) 
4 25 
400 25 
Viscosity coefficient of coal in z direction (ηez, MPa.s) 
2.5 25 
250 25 
Time (s) 
1 25 
106 25 
The difference between the results of new model and PC model is listed in Table 5.2, using two values 
for each parameter when other parameters (Table 5.1) are constant and pressure depletes from 6.0 
MPa to atmospheric pressure. This analysis depicts that Young's modulus in x direction has the 
highest impact on coal permeability in the new model. This is in line with the fact that the coal with 
higher strength in the direction parallel to bedding experiences less consolidation. Therefore, the 
fractures perpendicular to the bedding (butt cleat) undergo less compaction for the stronger coal 
(Figure 5.6). An increase of Young's modulus in x direction ( exE ) from 2 GPa to 3 GPa leads to an 
increase of permeability for both models. However, the new model shows more sensitivity to exE  and 
a further decrease in permeability from 25% up to 44% compared to PC model.  
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a)  
b)  
Figure 5.6. a) Bedding plane and the coal cleat structure, and b) plates 
 
In addition, the new model shows lower sensitivity to weaker coals. For Young's modulus of 0.5 GPa 
in x direction in both models, a further reduction of 3% in permeability was obtained for the new 
model. The analysis also shows that an increase in visco-elastic modulus in x direction ( vexE ) in the 
new model results in an increase in permeability. An increase of 7 GPa in visco-elasticity in x 
direction from 18 to 25 GPa results in 5% less drop in permeability. Among all the Poisson's ratios 
on xy, zx and zy plates, the Poisson's ratio on the xy plate parallel to the bedding has a higher influence 
on coal permeability (see Figure 5.6). In this example, an increase of 0.05 (from 0.35 to 0.4) in 
Poisson's ratio on xy plate results in a further decrease in permeability by 2%. Alteration of elastic 
and visco-elastic moduli in z direction shows a very low impact on coal permeability. Change in other 
parameters such as viscosity coefficient and the time included in consolidation show negligible 
impact on coal permeability for a wide range of values. For example, an increase in viscosity 
coefficient of coal in x direction ( ex ), from 4.0 MPa.s to 400 MPa.s, resulted in no change in 
permeability. The same result was achieved for viscosity coefficient in z direction ( ez ) due to an 
increase from 2.5 MPa.s to 250 MPa.s. 
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Figure 5.7 and Figure 5.8 show the simulation results of the new model using the data presented in 
Table 5.1 for different elastic and visco-elastic moduli in x direction as the parameters showing the 
highest impact on coal permeability. Although visco-elastic moduli have similar impact on 
permeability as elastic moduli have, visco-elastic moduli represent a lower impact on coal 
permeability compared to elastic moduli (Figure 5.8). This is due to time-independent response and 
higher sensitivity of instantaneous (elastic) deformation of rocks to change in effective stress. 
Assuming that the initial permeability is the same, a decrease of 1.5 GPa in exE  from 2 GPa to 0.5 
GPa leads to a reduction of 78.3% in permeability. Hence, the softer the coal is in x direction, the 
further coal undergoes consolidation and consequently coal permeability drops (Figure 5.7). Also, for 
a decrease in vexE  from 18 GPa to 10 GPa, a permeability reduction of 14.3% was achieved (Figure 
5.8). 
 
Figure 5.7. Permeability vs. pressure for various elastic moduli for the new model (Eex=3, 2, and 
0.5 GPa) 
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Figure 5.8. Permeability vs. pressure for various visco-elastic moduli for the new model (Evex=40, 
18, and 10 GPa) 
5.2.5 Results for gas desorption under different stress conditions 
In this section, a series of scenario-based numerical simulations have been carried out to investigate 
the impact of consolidation on coal permeability evolution and gas drainage performance under 
different stress conditions. For this purpose, the following scenarios have been considered:  
1. Vertical stress greater than horizontal stress, and  
2. Vertical stress less than horizontal stress.  
Figure 5.9 shows simulation results of permeability versus pressure near the drainage borehole (the 
red point shown in Figure 5.1 near the borehole) under various stresses for both PC model (no 
consolidation) and the new model (consolidation included). It has been observed that final 
permeabilities (at the completion of desorption process at 0.5 MPa), at approximately 277.8 hours, 
are lower for the new model than those of PC model for all stress conditions.  
Comparing the results obtained from both models show a decrease of between 23.7% and 25% in 
permeability exerted by visco-elastic consolidation considered in the new model under the mentioned 
geomechanical stresses (Figure 5.9 and Figure 5.10). Figure 5.11 shows steady state and transient 
flow stages of pressure depletion with time (logarithmic time). The figure illustrates that gas pressure 
reduces faster for the case of σx=5 MPa and σz=9 MPa and slower for the case of σx=7 MPa and σz=5 
MPa for both models. This is owing to further closure of fractures perpendicular to effective 
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horizontal stress for the latter case. However, pressure depletion occurs slower for the case of new 
model due to visco-elastic consolidation.  
Moreover, lower gas flow rate has been obtained for the new model because of the reduction of coal 
permeability brought about by consolidation (Figure 5.12). As can be seen, PC model reveals 10% 
overestimation of flow rate compared to the developed model at time of maximum flow rate for the 
case of σx=5 MPa and σz=7 MPa. At approximately 2.8 hours, drop of gas flow rate decelerates due 
to drop of gas pressure. Change in pressure with respect to distance from borehole under various 
geomechanical stresses is presented in Figure 5.13 and Figure 5.14. As shown, higher pressures are 
achieved for the new model compared to PC model at approximately t=27.8 hours at a certain distance 
from drainage borehole. This means it takes a longer time for the entire reservoir to drain due to 
consolidation. 
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a)  
b)  
Figure 5.9. Permeability vs. pressure for: a) new model, and b) PC model under various stresses 
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a)  
b)  
Figure 5.10. Permeability vs. time for approximately 277.8 hours for: a) new model, and b) PC 
model under various stresses 
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a)  
b)  
Figure 5.11. Pressure vs. time for approximately 277.8 hours for: a) new model, and b) PC model 
under various stresses 
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a)  
b)  
Figure 5.12. Gas flow rate vs. time for approximately 277.8 hours for: a) new model, and b) PC 
model under various stresses 
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a)  
 
b)  
Figure 5.13. Pressure (MPa) and Darcy flow vectors at approximately t=27.8 hours for σx=5 MPa 
and σz=7 MPa: a) New model and b) PC model 
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Figure 5.14. Pressure vs. distance at approximately t=27.8 hours for: a) σx=5 MPa and σz=7 MPa, 
b) σx=5 MPa and σz=9 MPa, c) σx=7 MPa and σz=5 MPa, and d) σx=9 MPa and σz=5 MPa 
As discussed before, since lower rank coals are more prone to consolidation than higher rank coals, 
it is critical to consider the impact of consolidation on coal permeability and gas drainage. The new 
permeability model suggested for anisotropic poroelastic media and the simulation results presented 
in this study show that consolidation could have significant impact on coal permeability, and thus 
should be included when assessing reservoir performance. 
5.3 Conclusions 
In this chapter, consolidation as a crucial factor that may have substantial impact on coal permeability 
and gas drainage has been studied. A comparison between the new permeability model and PC model 
has been made and a significant impact of consolidation on permeability has been observed. In 
addition, the impact of consolidation and visco-elastic behaviour on coal permeability, and the input 
parameters involved such as elastic and visco-elastic Young's moduli, viscosity coefficient and time 
on coal permeability have been studied. A series of scenario-based numerical simulations have been 
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implemented by COMSOL Multiphysics to study the impact of consolidation on coal permeability. 
The following conclusions have been drawn based on the observations: 
 Elasticity of coal, parallel to the bedding, shows a very high influence on coal permeability 
when consolidation is considered. Softer coal experiences more consolidation and therefore 
lower permeability is anticipated compared to harder coal under the same conditions. The 
reason why elasticity parallel to the bedding has a high impact on permeability is due to the 
horizontal effective stress acting on the cleats perpendicular to the bedding plane and matrix; 
 The permeability reduction of coal with lower viscosity is larger than the permeability 
reduction of coal with higher viscosity due to consolidation parallel to the bedding, under 
the same conditions. In other words, the coal that is more resistant to lateral viscous 
deformation consolidates less and therefore reflects a lower permeability reduction;  
 Both new permeability model and PC model show an increase in permeability with elastic 
moduli in x direction. The new model shows an increase in permeability with visco-elastic 
moduli. However, compared to PC model it shows a considerable reduction in permeability 
due to consolidation; and  
 Consolidation is more critical for softer coals as they experience further compaction 
compared to stronger coals. Compaction of coal structure leads to loss of porosity and 
permeability. 
The findings of this study may contribute to a better understanding of the impact of consolidation on 
coal permeability as a critical factor influencing gas drainage. In addition, the assessment of 
interaction of drainage borehole and coal reservoir could be improved. Predicting the deformation 
and permeability evolution around drainage boreholes enables a better design of drainage boreholes 
in terms of geometry (e.g. diameter, length, dip, and etc), completion, spacing and formation in 
reservoir. 
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Chapter 6 Numerical modelling of 
permeability evolution around drainage 
boreholes due to damage and time-
dependent deformation 
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6.1 Introduction  
Coal deformation process occurs at very slow rates during coalification and formation of overlying 
sedimentary rocks over geologic time scales. However, after borehole drilling and disturbance to coal 
reservoir, the deformation process may accelerate due to the increase of effective stress during the 
extraction of fluids in the reservoir (Schatz and Carroll, 1981). Instability of gas drainage boreholes 
due to repeated disturbances exerted by external stress, such as mining activities (Zhai et al., 2015) 
and roadway and branch borehole excavations (Hu et al., 2015) has been widely studied. In such a 
case, the collapse of borehole walls is likely to occur, which results in blockage of gas-flow channels 
and therefore a hindrance to CSG drainage. The avoidance of the collapse of borehole walls can be 
maintained by a liner in the borehole (Liu et al., 2014) or an assembly of casing pipes (Xue et al., 
2015).  
6.2 Stress, deformation and permeability evolution around drainage boreholes 
Figure 6.1 and Figure 6.2 show the stress distribution in front of the mining face and mine roadway. 
In the literature, considering drainage borehole is analogous to mining face and roadways, it is 
anticipated that stress distribution around drainage boreholes occurs in four zones (Li et al., 2016; Li 
et al., 2015; Li, Li and Yifeng, 2015; Zhai et al., 2012; Lin, Zhou and Zhang, 1993) as follows:  
1. The stress decreasing (relief) zone;  
2. The pre-peak stress increasing (concentration) zone;  
3. The post-peak stress increasing (concentration) zone; and  
4. In-situ stress zone (initial stress zone).  
 
Figure 6.1. Stress distribution in front of the mining face (modified after Zhai et al., 2015) 
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Figure 6.2. Roadway and the coal around the boreholes (Zhai et al., 2015) 
 
As aforementioned, in some researches, it is assumed that the original stress is equal in all directions 
and hence hydrostatic (Li, Li and Yifeng, 2015; Li et al., 2015); and the time-dependent deformation 
does not occur around drainage boreholes for the sake of model simplicity (Zhai et al., 2015). The 
corresponding failure and deformation zones to the redistributed stresses around drainage boreholes 
under hydrostatic and deviatoric in-situ stresses are shown in Figure 6.3. For the case of hydrostatic 
stress condition (Figure 6.3a), the zones comprising of three concentric circles are categorised as 
failure zone, plastic deformation zone, elastic deformation zone, and the in-situ stress zone. 
However, experimental results from triaxial tests, under deviatoric stress conditions, reveal that coal 
reflects a strain rate dependency and therefore visco-elastic and visco-plastic deformations around 
the drainage boreholes are deemed to exist during pore pressure depletion (Danesh et al., 2017). 
Recently, Xue et al. (2017) categorized the deformation zones as residual state zone (failure), strain 
softening zone (plastic deformation), and visco-elastic zone. They also categorized gas flow in the 
coal and rocks surrounding the borehole under devitoric stress as Full Flow Zone (FFZ), Flow 
Shielding Zone (FSZ), and In-situ Rock Flow Zone (IRFZ). The coal in each zone can be transformed 
to its preceding deformation state depending on the magnitude of change in effective stress. For 
example, the elastic zone can become plastic if the effective stress exceeds coal strength. However, 
this transformation process is irreversible throughout gas drainage process. Meaning, the coal in each 
zone cannot be transformed to its succeeding deformation state. Figure 6.3b shows the ideal 
representation of deformation states around drainage boreholes, based on the findings of recent 
studies on time-dependent deformations and their impact on coal permeability (Danesh et al., 2017; 
Danesh et al., 2016; Xue et al., 2017). 
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Figure 6.3. Deformation mechanisms around drainage boreholes: a) deformation mechanisms 
around drainage boreholes under hydrostatic pressure (Li et al., 2016; Li, Li and Yifeng, 2015; Li et 
al., 2015), and b) deformation mechanisms accounting for time-dependent deformation around 
drainage boreholes 
 
 
Figure 6.4. Deviatoric stress and permeability vs. axial strain for: a) coal sample #1 at 1 MPa gas 
pressure, b) coal sample #2 at 2 MPa gas pressure, c) coal sample #3 at 3 MPa gas pressure, and d) 
coal sample #4 at 4 MPa gas pressure (Xue et al., 2017) 
a) b) 
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Figure 6.4 shows the experimental results by Xue et al. (2017) depicting the relationship between 
stress, strain, and the evolution of permeability of coal under increasing deviatoric stress at different 
pore pressures. They investigated the impact of post-peak (post maximum deviatoric stress), where 
strain softening is triggered at a certain deviatoric stress, on permeability at various constant pore 
pressures. Their study does not reveal the impact of post-peak and time-dependent deformation on 
permeability during continuous pore pressure depletion and the effects of matrix shrinkage on 
permeability evolution are neglected. 
Figure 6.5 illustrates 1D representation of deformation mechanisms around drainage borehole. It is 
believed that elastic deformation occurs in a smaller portion of the duration of coal deformation 
process in a large-scale gas production and elastic deformation is followed by visco-elastic and/or 
visco-plastic behaviours depending on the stage of gas drainage and the effective stress condition.  
 
Figure 6.5. 1D representation of deformation mechanisms (modified after Xue et al., 2017) 
 
In some studies, the stress profile and permeability evolution around drainage boreholes has been 
considered analogous to that around roadways in a smaller scale (Zhai et al., 2015), where the 
drainage borehole wall is analogous to the mining face in underground coal mine. Like the mining 
face, the zones around the borehole wall present a similar stress profile and permeability distribution 
(Wang, Elsworth and Liu, 2013). In failure zone, early development of failure is resulted from dilatant 
micro-cracking due to drilling-induced high stress concentration around the borehole. After drilling, 
the damage around the borehole develops with an increase in effective stress due to gas seepage and 
pressure relief. Assuming there is no time-dependent strain in coal, two deformation zones occur with 
distance from borehole as mentioned before. In the failure zone, the macro-fractures are formed and 
fully coalesced. Consequently, permeability is significantly higher than other regions (Hu et al., 
2015). In the plastic zone, the pores and fractures gradually close due to large effective stress and 
permeability decreases. In the elastic zone, coal is weakly influenced by the borehole and hence gas 
pressure and permeability approach in-situ values (Li et al., 2016) and the effect of cleat closure is 
more dominant than the effect of matrix shrinkage on coal permeability. However, elastic regime in 
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pressure-depleted coal reservoir may exist for a relatively short time in a long-term gas drainage 
project.  
Figure 6.6 shows desorption rate, stress, permeability, and pore pressure profile in front of the mining 
face. Drainage boreholes are considered analogous to mining face and roadways as mentioned before. 
Therefore, it is anticipated that the distribution of the parameters would be similar to those around 
the mining face and roadways. 
a)   
b)  
Figure 6.6. Schematic of mining-induced stresses, pore pressure, permeability, and desorption rate 
in front of the mining face: a) suggested by Wang, Elsworth and Liu (2013), and b) suggested by 
Xue, Gao and Liu (2015) 
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For large stresses and assuming time-dependent deformation occurs in coal under deviatoric in-situ 
stress and reservoir pressure depletion that is most likely the reality of reservoir behaviour in long 
term, elastic and plastic zones may be identified as visco-elastic and visco-plastic zones. In visco-
elastic zone that is less fractured, change in permeability is more likely to be influenced by dominant 
effect of cleat compression or matrix shrinkage. In the visco-plastic zone, in spite of damage-induced 
fractures, an increase in stress leads to plastic deformation and permanent closure of pores and healing 
of fractures, leading to permeability reduction.  
This chapter presents the results of a developed numerical simulation that incorporates stress-strain 
state and permeability evolution around a drainage borehole during CSG drainage. In this study, a 
different approach to that proposed by Xue et al. (2017) has been adopted. A series of numerical 
simulations that take into account the effects of the effective stress exceeding short-term strength of 
coal in visco-plastic zone and visco-elastic deformation on permeability evolution with the distance 
from the borehole wall after drilling and onset of gas drainage. The results show permeability may 
increase in visco-elastic zone when matrix shrinkage has dominant effect over cleat compression, 
which is in contrast to the results presented by Xue et al. (2017), depicting a continuous decrease in 
permeability in visco-elastic zone. 
6.3 Numerical simulation of permeability evolution around drainage boreholes 
This section aims to present a coupled 2D numerical simulation considering deviatoric in-situ stresses 
(unequal principal stresses), and the developed permeability models reflecting deformation states 
(e.g. time-dependent deformation) and failure around drainage boreholes in coal reservoir. Analogy 
of drainage boreholes to roadways and mining face has been adopted to simulate the zones around 
drainage boreholes suggested by Hu et al. (2015) and Xue et al. (2017) as Full Flow Zone (FFZ), 
Flow Shielding Zone (FSZ), and In-situ Rock Flow Zone (IRFZ). In this study, the above-mentioned 
zones are categorized as High Flow Zone (HFZ), Low Flow Zone (LFZ), and Intermediate Flow Zone 
(IFZ) respectively. 
6.3.1 Model implementation 
The simulation of gas flow desorption has been implemented via incorporating extended permeability 
models reflecting time-dependent deformation and gas flow equations in COMSOL Multiphysics. 
Geometry of the model, boundary and initial conditions, and the gas flow governing equations utilized 
in simulation are presented in Sections 5.2.1 to 5.2.3. It should be noted that this work mainly aims 
to investigate the impact of coal compaction on permeability under a simple geometry, thus a non-
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typical model dimension (10 m×10 m) was chosen. Another reason for selecting the mentioned 
geometry is to avoid convergence-related issues in COMSOL. 
Figure 6.7 shows the computational procedure of the coupled simulation of gas flow and solid 
mechanics. The calculation procedure can be described based on the flow zones mentioned in Section 
6.2 as follows: 
1. Mohr-Coulomb criterion is utilised for failure analysis and identification of the failure zone 
(HFZ) around the drainage borehole. Damaged zone appears due to large stresses exceeding 
uniaxial compressive strength of coal. The previous studies (Li et al., 2016; Xue, Gao and 
Liu, 2015; Xue et al., 2017) show that a significant increase in permeability due to the failure 
damage is anticipated in this zone. 
2. If Mohr-Coulomb criterion is satisfied, the area affected by damage is failure zone.  
3. If Mohr-Coulomb criterion is not satisfied and the effective stress exceeds short-term 
strength of coal, the reservoir experiences irrecoverable consolidation, which is reflected as 
visco-plastic behaviour. In this zone (LFZ), the fully coalesced fractures due to visco-plastic 
damage close and hence permeability reduces.  
4. If Mohr-Coulomb criterion is not satisfied and the effective stress does not exceed short-
term strength of coal, the reservoir experiences recoverable consolidation, which is reflected 
as visco-elastic behaviour. In this zone (IFZ), an increase or decrease in permeability is 
decided by matrix shrinkage or fracture closure, respectively. The zone that is not affected 
by either stress redistribution or pore pressure depletion (change in effective stress) is in-situ 
stress zone. 
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Figure 6.7. Computational procedure of the coupled simulation of gas flow and solid mechanics 
 
As the contribution of components of time-dependent deformation (e.g. visco-elastic, visco-plastic, 
and elasto-plastic) to total deformation of coal during gas drainage is not fully understood, the 
combination of terms (e.g. elasto-plastic deformation, elasto-visco-plastic deformation, and elasto-
visco-elastic deformation) is sometimes used in the literature to refer to the deformation states. The 
permeability evolution associated with stress-strain state is influenced by the change in coal physical 
properties and reservoir condition over the course of gas drainage. 
The assumptions applied in the numerical simulation are as follows: 
1. The coal is a heterogeneous, anisotropic, and an elastic and elasto-visco-plastic continuum. 
Whereas assumption of elasticity in coal is common in reservoir engineering, the temporal 
effects of time-dependent deformation on coal properties should not be neglected during 
long-term gas drainage; 
2. Change in coal permeability is due to the effect of prevailing effective horizontal stress 
acting on the normal cleat. 
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3. The whole system is isothermal and the pore gas is ideal. Swelling and shrinkage of matrix 
is analogous to thermal expansion and contraction; 
4. The gas flow in coal is viscous and governed by Darcy's law; 
5. Coal is laterally constrained, uniaxial strain ( 0xx yy     ), and total overburden stress is 
constant ( 0z  ); 
6. Swelling/shrinkage strain due to sorption is isotropic; 
7. Coal properties, including the short-term strength, are the same for failure, visco-elastic and 
visco-plastic zones; and 
8. Single-phase gas flow in reservoir is considered. 
6.3.2 Governing equations 
Failure criterion: Mohr-Coulomb criterion is used to calculate the damaged area around drainage 
borehole due to shear stress (Zhu and Wei, 2011), given below: 
    2 1 3 01 sin / 1 sin 0cF f             (6.1) 
where, 2F  is the damage threshold function, 0cf  is the uniaxial compressive strength (UCS) of coal, 
1  and 3  are the maximum and minimum principal stresses, respectively, and   is the internal 
frictional angle. 
Gas flow and permeability equations: the gas flow equations used for the numerical simulations 
presented in this chapter are similar to those developed in Section 5.2.3. The post-peak permeability 
model developed by Xue, Gao and Liu (2015) is used to calculate the permeability of damaged area 
around the drainage borehole, which is calculated by the Mohr-Coulomb criterion (Equation 6.1), 
which yields: 
      0 0 0 0
1 1
1 exp 3
p
k k d d p p
K K
  
   
                 
   
  (6.2) 
where,  0 1d d    is the enhanced term that describes an increase in permeability due to the damage 
produced in the post-peak stage,   is the post-peak permeability enhanced coefficient, 0d  denotes 
the damage value of coal in peak stress condition, K  is the bulk modulus of solid constituent, 
pK  is 
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the bulk modulus of pores, and 
1 1
pK K
  can be determined by numerical inversion of the following 
equation suggested by Cui and Bustin (2005): 
    
3
0 0 0 0
0
1 1
exp 3
p
k k k p p
K K

 

     
            
     
 (6.3) 
The permeability models including elasto-visco-elastic and elasto-visco-plastic deformations 
developed in Section 3.4 were used for calculation of permeability of visco-elastic and visco-plastic 
zones. 
Table 6.1 presents the input properties of coal and gas, for the numerical simulation, within an 
acceptable range obtained from the literature. The values have been incorporated in COMSOL 
settings for this purpose. 
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Table 6.1. Properties of coal and gas 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.3.3 Permeability evolution around drainage boreholes due to failure and 
stress redistribution 
In this section, the simulation results of failure, stress profile and permeability change around the 
drainage borehole is presented. Figure 6.8 shows the zones around the drainage borehole affected by 
failure for three points in time, calculated using Equation 6.1 and the data tabulated in Table 6.1. It 
should be noted that for a better demonstration, 0.5 m×0.5 m of the full model (10 m×10 m) is shown. 
The failure zone is irrecoverable and develops with time. 
Parameter Values 
Initial porosity of fracture (ϕ0)  0.005 
Internal frictional angle (φ, °) 30 
Horizontal in-situ stress (σx, MPa) 9 
Vertical in-situ stress (σz, MPa) 7 
Young's modulus of coal in x direction (Eex, GPa) 2 
Young's modulus of coal in z direction (Eez, GPa) 2.9 
Visco-elastic modulus of coal in x direction (Evex, GPa) 18 
Visco-elastic modulus of coal in z direction (Evez, GPa) 15 
Poisson's ratio on zx plate (νzx) 0.3 
Poisson's ratio on xy plate (νxy) 0.35 
Poisson's ratio on zy plate (νzy) 0.32 
Dynamic viscosity of methane (μ, Pa.s) 12.2×10-6 
Langmuir pressure constant (PL, MPa) 4.31 
Langmuir volume constant (VL, m3/kg) 0.015 
Viscosity coefficient of coal in x direction (ηex, GPa.s) 2.5 
Viscosity coefficient of coal in z direction (ηez, GPa.s) 3 
Initial permeability of coal (k0, mD) 0.5 
Initial gas pressure (P0, MPa) 6 
Langmuir volumetric strain constant (εl) 0.01266 
Cleat volume compressibility (Cf, MPa-1) 0.04 
Density of methane at the standard condition (ρg, kg/m3) 0.717 
Post-peak permeability enhanced coefficient (γ) 15 
Change of damage value (d-d0) 0.1 
Change in coal compressibility (
1 1
pK K
 , GPa-1) 43.5 
Uniaxial compressive strength (fc0, MPa) 0.75 
Short-term strength of coal (σss, MPa) 5 
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a)  
b)  
c)  
Figure 6.8. Failure evolution around drainage borehole at approximately: a) t=3 hr, b) t=28 hr, and 
c) 278 hr 
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Horizontal and vertical stress redistribution after drilling within ten meters away from the drainage 
borehole (the red cut-lines shown in Figure 6.9) is presented in Figure 6.10 and Figure 6.11.  
a)     
b)  
Figure 6.9. The cut-lines used to present data in: a) vertical direction (z), and b) horizontal direction 
(x) 
 
As shown in Figure 6.10, the vertical stress on the horizontal cutline increases sharply with the 
distance from the borehole wall and declines post-peak to reach in-situ vertical stress at 7 MPa. The 
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horizontal stress profile shows a decelerating increase up to the point that in-situ horizontal stress is 
reached at 9 MPa.  
a)  
b)  
Figure 6.10. a) vertical and horizontal stresses vs. distance from borehole on the horizontal cutline, 
and b) schematic of horizontal and vertical stress distribution around drainage borehole 
 
Horizontal and vertical stresses on the vertical cutline are presented in Figure 6.11. Likewise the 
vertical stress on the horizontal cutline, the horizontal stress increases and then declines post-peak 
with distance from the borehole up to the point that in-situ horizontal stress is reached at 9 MPa. The 
vertical stress profile on the vertical cutline is similar to the horizontal stress on the horizontal cutline. 
Figure 6.12 and Figure 6.13 show the pore pressure distribution on horizontal and vertical cutline in 
10 m and 1 m away from the borehole wall, respectively. It is evident that the pressure has the lowest 
magnitude in the pressure relief zone (also called seepage zone) near the borehole due to the enhanced 
permeability and increases with distance from the borehole to approach in-situ gas pressure. The 
zones affected by gas drainage and away from HFZ show a decrease in gas pressure with time. 
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Figure 6.11. Vertical and horizontal stresses vs. distance from borehole on the vertical cutline 
a)   
b)  
Figure 6.12. Pore pressure vs. distance from borehole on: a) horizontal cutline, and b) vertical 
cutline 
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a)  
b)  
c)  
Figure 6.13. a) Pressure distribution and vertical stress on the horizontal cutline, b) pressure 
distribution and horizontal stress on the vertical cutline vs. 1m distance from borehole, and c) 
schematic of pore pressure profile around drainage borehole 
 
Figure 6.14 and Figure 6.15 show the change in horizontal and vertical effective stress on the 
horizontal and vertical cutline, respectively. In Figure 6.14, it is evident that horizontal effective stress 
is larger at the borehole wall at early stage (t=3 hr and 28 hr) of gas production and it diminishes with 
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distance from the borehole. At late stage of gas production (t=278 hr), however, stress dominates pore 
pressure depletion and effective stress increases with distance from the borehole. Vertical effective 
stress reflects a larger change away from the borehole wall with time in horizontal direction. Vertical 
effective stress in horizontal direction follows the vertical stress profile. It first increases and then 
decreases post-peak. Horizontal effective stress in vertical direction (Figure 6.15) increases near the 
borehole wall and then decreases post-peak of horizontal stress. In other words, horizontal stress has 
dominant effect on horizontal effective stress compared to pore pressure. Vertical effective stress 
increases and then declines at the three times of interest in vertical direction. 
a)   
b)   
Figure 6.14. a) Horizontal effective stress and b) vertical effective stress vs. distance from borehole 
on horizontal cutline 
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a)   
b)  
Figure 6.15. a) Horizontal effective stress and b) vertical effective stress vs. distance from borehole 
on vertical cutline 
 
Studying permeability change with effective stress around drainage boreholes enables efficient 
management and control of CSG to prevent coal and gas outbursts. Coal properties, yield strength in 
particular, also play an important role in permeability change. This section presents the results of 
permeability evolution with effective stress and using the computational procedure presented in 
Figure 6.7.  
Figure 6.16 and Figure 6.17 show the change in permeability in vertical and horizontal directions. As 
shown, permeability in the failure zone, in the first concentric circular region shown in Figure 6.3, is 
significantly higher than that in the other zones due to the phenomenon of dilatancy (Palmer and 
Mansoori, 1996, 1998). The zone affected by visco-plastic deformation reveals the lowest 
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permeability. Vertical permeability is approximately threefold greater in magnitude than horizontal 
permeability around the borehole in the failure zone. At t=28 hr and t=278 hr, since a larger area is 
affected by failure in vertical direction near the drainage borehole (Figure 6.8 and Figure 6.9a), a 
larger area has developed higher vertical permeability than horizontal permeability. In the second 
concentric circular region, visco-plastic deformation occurs where effective stress exceeds short-term 
yield stress of coal and lowest permeability is reached at the time and zone of interest. For 
permeability in vertical direction (Figure 6.16), comparing visco-plastic zone with visco-elastic and 
failure zones, the lowest permeability can be observed at t=2.8 hr and t=28 hr. The point where 
transition from failure zone to visco-plastic zone occurs is LFZ, where the lowest permeability is 
achieved. This zone may hinder the gas drainage process due to irrecoverable plastic deformation and 
closure of coal fractures and pores. An increase in vertical permeability due to the transition from 
visco-plastic to visco-elastic deformation zone appears at approximately 0.5 m and 1.3 m away from 
the drainage borehole at t=2.8 hr and t=28 hr. At t=278 hr, in both vertical and horizontal directions, 
the zones affected by visco-plastic deformation and failure have been developed in the reservoir and 
visco-elastic zone does not exist.  As shown in Figure 6.17, larger area is affected by visco-elastic 
deformation at t=2.8 hr and t=28 hr compared to the case of vertical permeability. 
a) b)  
Figure 6.16. a) Permeability change with distance from borehole on vertical cutline and b) 
concentric circular zones around the drainage borehole 
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a) b)  
Figure 6.17. Permeability change with distance from borehole on horizontal cutline and b) 
concentric circular zones around the drainage borehole 
 
The simulation results show that the permeability development with the distance from borehole wall 
in failure and visco-plastic zones is in conformity with the permeability distribution around the 
mining face presented in the research by Wang, Elsworth and Liu (2013). 
This section also aims to investigate the sensitivity of permeability evolution to short-term strength 
of coal. Figures 6.18 to 6.20 show the permeability change with distance under various in-situ stresses 
and coals with different short-term strength. The results reveal that the coal with higher short-term 
strength can develop a larger zone affected by visco-elastic deformation and a smaller zone affected 
by visco-plastic deformation at the same time of gas drainage process and under the same in-situ 
stress conditions. As approximately, the same pore pressure is reached at the times of interest in the 
high seepage zone near the borehole, the failure zone development is almost the same for all the coals 
with different short-term strength. The deformation states are irreversible and not transformable to 
preceding state. As long as visco-elastic deformation exists in the reservoir, the affected zone shows 
an increase in permeability with time, which is due to dominant effect of matrix shrinkage on 
permeability. However, the zones affected by visco-plastic deformation show a decrease in 
permeability with time, which is due to the dominant effect of irrecoverable plastic deformation. The 
flow-shielding zone is larger for the coal with lower strength at the same certain time of gas 
production.  
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a)    
b)  
c)  
Figure 6.18. Permeability change with distance from borehole on the horizontal cutline under σx=5 
MPa, σz=7 MPa for: a) σss=3 MPa, b) σss=4 MPa, and c) σss=5 MPa 
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a)  
b)  
c)  
Figure 6.19. Permeability change with distance from borehole on the horizontal cutline under σx=7 
MPa, σz=9 MPa for: a) σss=4 MPa, b) σss=5 MPa, and c) σss=6 MPa 
136 
 
a)  
b)  
c)  
Figure 6.20. Permeability change with distance from borehole on the horizontal cutline under σx=9 
MPa, σz=7 MPa for: a) σss=4 MPa, b) σss=5 MPa, and c) σss=6 MPa 
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Figures 6.21 to 6.23 show the permeability change with distance under various in-situ stresses and 
coals with different short-term strength at different times. It is aimed to investigate the effect of short-
term strength and time on permeability evolution in the deformation zones around drainage borehole. 
As mentioned above, the stronger coal develops less visco-plastic zone compared to weaker coal at 
the same time and under the same stress conditions in the course of gas drainage. The results show 
that at t=278 hr (approximately 11 days) the zone after the failure zone in the reservoir is affected by 
visco-plastic deformation. The coal with higher strength shows lower permeability for the same gas 
drainage period. This may be due to the strength-dependency of coal to its matrix rather than cleats. 
In other words, the coal with stiffer matrix undergoes smaller irrecoverable compaction (plastic 
deformation) and therefore, the fracture closure induced by an increase in effective stress causes the 
permeability to appear lower for the stronger coal. 
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a)  
b)  
c)  
Figure 6.21. Permeability change with distance from borehole on the horizontal cutline under σx=5 
MPa, σz=7 MPa for: a) t=104 s, b) t=105 s, and c) t=106 s 
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a)  
b)  
c)  
Figure 6.22. Permeability change with distance from borehole on the horizontal cutline under σx=7 
MPa, σz=9 MPa for: a) t=104 s, b) t=105 s, and c) t=106 s 
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a)  
b)  
c)  
Figure 6.23. Permeability change with distance from borehole on the horizontal cutline under σx=9 
MPa, σz=7 MPa for: a) t=104 s, b) t=105 s, and c) t=106 s 
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6.4 Conclusions 
The effect of disturbance of borehole drilling and gas drainage activities on stress distribution and 
permeability evolution around a borehole in coal seam was investigated. The established analogy of 
gas drainage boreholes to underground mining roadways, in the literature, was employed for 
calculation of stress and permeability distribution around the drainage borehole. The concentric 
circular zones around the drainage borehole, namely failure, visco-plastic and visco-elastic zones are 
determined via the permeability change associated with the damage and the deformation state induced 
by the change in effective stress. The results reveal that permeability in the visco-elastic zone (IFZ) 
is relatively higher than that in the visco-plastic zone. In the visco-plastic zone (LFZ), permeability 
slightly declines toward the failure zone. In the failure zone (HFZ), permeability significantly 
increases by one order of magnitude due to development of coalesced fractures. The permeability in 
the latter case is higher than the permeability in visco-elastic and visco-plastic zones.  
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7.1 Conclusions 
This study mainly aimed to investigate and characterise the effect of consolidation and creep as time-
dependent deformation mechanisms on coal permeability evolution using a triaxial rig. Two gasses 
of helium and methane were injected in the coal sample, in two separate tests, to examine the effect 
of time-dependent deformation on permeability evolution under constant and varying effective stress. 
Permeability models that incorporate the effects of time scale and plastic deformation were developed 
via extending the stress-strain equation suggested for anisotropic poroelastic media with 
orthorhombic symmetry. The developed permeability models were validated against the experimental 
data. In general, the findings of this study reveal that negligence of the effect of consolidation and 
creep during CSG production and shut-in, respectively, may overestimate the amount of drained gas. 
This may lead to an increase in downtime due to residual gas and consequently mismanagement of 
gas drainage projects. The major findings and observations included in chapters of this thesis are 
summarized as follows: 
Methane gas storage and transport mechanisms in coal as a dual-porosity medium were presented in 
Chapter 2. A summary of existing permeability models used for prediction of CSG production was 
presented. The review of the models reveal that the influence of time-dependent deformation on the 
evolution of coal permeability has not been considered. Finally, some of the rheological models used 
to describe time-dependent deformation in rocks were presented.  
Chapter 3 presented the constitutive equations, assumptions, and procedure employed for 
development of the permeability models including time-dependent deformation. Nishihara classical 
model was used for development of the stress-strain equations that take time-dependent effects into 
account. The concepts of the consolidation induced by sorption and an increase in effective stress and 
creep at pressure equilibrium under uniaxial strain condition during production and shut-in were 
suggested. 
Chapter 4 presented the experimental observations and results of two triaxial tests conducted on a 
coal sample injected with helium first and then methane. Time-dependent deformation of coal was 
characterised and the permeability change associated with deformation was measured. For the case 
of helium, an axial load was applied to the sample once pore pressure and hydrostatic stress had 
equilibrated. In this test, the effect of consolidation, under deviatoric stress, on coal permeability was 
investigated. An RDR of 14.1% was observed in this test. In addition, a significant PLR of 71% linked 
to the RDR was attained. The residual deformation may be associated with the damage to coal 
microstructure resulted from granular consolidation and/or cataclasis. For the experiments with 
methane, coal experienced an instantaneous elastic deformation at the onset of pore pressure 
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depletion, followed by consolidation and matrix shrinkage. Then, creep occurred when gas desorption 
process terminated. An elastic strain recovery similar to the case of helium was observed once the 
axial load was removed. This behaviour can be linked to instantaneous dilation of cleats and 
expansion of matrix due to the cushioning effect induced by methane gas. The residual deformation 
may result from granular consolidation and cataclasis. The extended stress-strain model was 
successful in matching consolidation strain curves. Similarly, the permeability model was successful 
in fitting the experimental permeability data. Mechanically induced compaction can cause temporary 
or permanent decrease in permeability during gas production depending on the dominant deformation 
mechanism. Contribution of time-dependent deformation, as a partially recoverable mechanism 
(visco-elastic deformation is recoverable), to permeability reduction may constantly increase during 
gas production and well shut-in when pore pressure equilibrium is reached in consolidated reservoirs. 
In this study, a total reduction of 26% in permeability resulted from an increase of 1.91 MPa in 
effective stress due to methane desorption was observed. The permeability reduction can be linked to 
consolidation and creep strains with increasing effects on coal permeability in contrast to matrix 
shrinkage strain under stress-controlled condition.  
A comparison between the new permeability model and PC model has been made and a significant 
impact of consolidation on permeability is evident. In addition, the impact of consolidation and visco-
elastic behaviour on coal permeability, and the pertinent parameters involved such as elastic and 
visco-elastic Young's moduli, viscosity coefficient and time on coal permeability have been studied. 
A series of scenario-based numerical simulations have been implemented by COMSOL Multiphysics 
and employment of FE method to study the impact of consolidation on coal permeability. 
Consolidation is more critical for lower rank coals as they experience further compaction compared 
to higher rank coals. Compaction of coal structure leads to loss of porosity and permeability. In 
addition, the coal that is more resistant to lateral viscous deformation consolidates less and 
consequently a lower permeability reduction is achieved.  
Both developed permeability model and PC model show an increase in permeability with elastic 
moduli parallel to the bedding plane. The new model shows an increase in permeability with visco-
elastic moduli. However, compared to PC model it shows a considerable reduction in permeability 
due to viscous deformation effects. 
To sum up, the findings of this study show that time-dependent deformation of coal possesses 
opposing effects to matrix shrinkage and may result in loss of porosity, particularly at late stage of 
gas drainage. Loss of porosity and permeability due to compaction of coal structure and irrecoverable 
deformation may result in a significant reduction in the amount of drained gas and drainage 
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efficiency. Based on the evolution of deformation regime around drainage boreholes, suitable 
methods can be adopted to enhance drainage efficiency and gas control. This could include selection 
of borehole diameter, completion, span, and gas injection.  
7.2 Recommendations for future work 
 The following recommendations have been suggested for future work: 
 Since coal is a heterogeneous porous material, replication of experimental results in triaxial 
tests are cumbersome. Therefore, 3D printed coal samples that represent similar 
heterogeneity can be used to characterise consolidation and creep and measure the 
permeability change subject to the deformations. 
 Simulation of reservoir conditions during gas drainage in the laboratory is one of the 
limitations facing the researchers. Thorough experimental simulation of reservoir boundary 
conditions on the coal core seems cumbersome due to restrictions on equipment design and 
capabilities.  
 The simplifying assumptions for development of permeability models are incompressible 
grain, equal minimum and maximum compressive principal horizontal stresses, isotropic 
geomechanical properties in x  and y  directions, and the same amount of coal shrinkage 
parallel to the bedding.  
 The current studies do not reflect a thorough insight into the damage formation during gas 
drainage (the effects of matrix shrinkage and an increase in coal brittleness due to gas 
drainage are neglected in the literature). Therefore, it is proposed that the effects of damage 
on coal permeability evolution during gas drainage to be further investigated. 
 It is also suggested to inject different gasses into the sample in multiple tests conducted with 
the same experimental procedure. As gases other than methane (i.e. CO2, N2, and H2) with 
various adsorption capacities may exist in coal, consolidation and creep would reflect 
different fashions, softening and damaging effects during gas drainage.   
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